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1.1 Research background 
Fluid flow in the crust induces mass and heat transport, enhances hydration 
reactions, modifies mechanical and rheological properties, and has an essential role in 
ore deposit formation, crustal deformation, and earthquake triggering (Fig. 1), (e.g., 
Ague, 1994; Cox, 1995; Fournier, 1991; Helgeson, 1964; Sibson, 1994). The timescale 
of fluid infiltration is a key parameter in understanding the physical processes of such 
fluid infiltration. Geological records of fluid infiltration range from millions of years for 
metamorphic devolatization reactions (e.g., Ague and Baxter, 2007; Pollington and 
Baxter, 2010; Taetz et al., 2018), ≤1 Myr for ore deposit formation (e.g., Goldfarb et al., 
1991; Márton et al., 2010; Rohrlach and Loucks, 2005) to tens to hundreds of years for 
hydrothermal alteration of ophiolite (Beinlich et al., 2020). Analyses of vein systems 
have shown that a single vein can be related to much shorter timescales of fluid flow 
from ~200 yr to 1–4 months for eclogitic veins in blueschist (John et al., 2012; Taetz et 
al., 2018). Quartz veins in an accretionary prism have yielded sealing timescales of 6–
60 yr (Saishu et al., 2017) and 1–5 yr (Ujiie et al., 2018). 
Recent geophysical observations have revealed a relationship between cyclical fluid 
infiltration and tremors and slow slip events (e.g., Obara, 2002; Ohmi and Obara, 2002; 
Shelly et al., 2006). The periodic seismic cycles are explained by the accumulation of 
fluids, followed by an increase in fluid pressure, and subsequent fracturing. The 
fracturing enhances permeability and provides further fluid transport pathways leading 
to seismic events (e.g., Audet and Bürgmann, 2014; Nakajima and Uchida, 2018; Obara 
and Hirose, 2006; Ujiie et al., 2018; Warren-Smith et al., 2019). The recurrent cyclical 
fluid pressure increases and seismic events at the plate interface may be controlled by 
the permeability of the overlying crust (Audet and Bürgmann, 2014; Nakajima and 
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Uchida, 2018). As such, dynamic changes in the fluid pressure and permeability in the 
middle–lower crust are key to further understanding the relationship between fluid 
infiltration and fracturing. 
The permeability of the crust exhibits large variations from 10–19 m2 in areas of 
contact metamorphism (Hanson, 1995) to 10–18–10–15 m2 in geothermal–metamorphic 
areas (Ingebritsen and Manning, 2010). Recent studies of seismic clustering suggest that 
enhanced permeability can occur in the crust up to 10–15–10–14 m2 (e.g., Cox, 2016; 
Nakajima and Uchida, 2018; Okada et al., 2015). 
Although there have been numerous in situ observations of permeability in the 
shallow crust (<4 km depth), such data for the middle–lower crust are limited. Manning 
and Ingebritsen (1999) constrained crustal permeability from analyses of metamorphic 
rocks. They estimated a Myr-scale “time-averaged permeability” from “time-integrated 
fluid flux” deduced from the chemical alteration of metamorphic rocks, which were 
classified according to the duration of metamorphism (1 Myr to ~10–100 Myr) and 
assumed fluid pressure gradients (i.e., between lithostatic and hydrostatic). Manning 
and Ingebritsen (1999) showed that the permeability of the ductile region of the crust 
(>10 km depth) is weakly dependent on depth and has an almost constant value of ~10–
18 m2. Higher values (~10–16 m2) were estimated for fault zone metamorphism and 
metamorphism with pulses of thermal heating (Ingebritsen and Manning, 2010). 
However, constraints on the permeability of the lower and middle crust are still limited, 
apart from a few numerical (Saar and Manga, 2004), experimental (Shmonov et al., 
2003), and natural metamorphic (Dipple and Ferry, 1992; Ingebritsen and Manning, 
2010; Manning and Ingebritsen, 1999) studies at highly variable timescales. To 
understand fluid infiltration on timescales comparable with geophysical observations 
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(e.g., Nakajima and Uchida, 2018) it is necessary to constrain permeability changes in 
geological samples at timescales of ≤10 yr. 
Mineral abbreviations follow after Whitney and Evans (2010).Fig. Fi
 
Fig.1 Fluid flow and related geological processes in the continental crust. Blue arrows 





1.2 Objectives and thesis structure 
To understand short, dynamic fluid processes within the crust it is necessary to 
constrain permeability from geological samples in short timescales. I provide first trial 
to estimate permeability based on metamorphic processes associated with crustal 
fractures and developed quantitative fluid infiltration model incorporating general 
relationships between mineral reactions, fluid flow and element mobilization during 
fluid–rock interaction.   
This thesis consists of six chapters. Chapter 1 is introduction. Fluid flow in the 
crust responsible for changing of hydrological properties of rocks. Permeability, 
timescales of fluid infiltration and mass transfer within the crust are interconnected. 
Understanding about these properties is essential to understand about fluid flow within 
the crust. For this reason, in the Chapter 1 I introduce summary of previous studies. In 
the chapter 2 I provide information about geological settings, samples description, 
mineral chemistry, pressure-temperature conditions, and mass transfer during fluid 
infiltration. In this study I used samples from the Sør Rondane Mountains (SRM), East 
Antarctica. Samples are partially hydrated along fractures and hydrous reaction zones 
formed around fractures. These reaction zones are fingerprinting information about fluid 
infiltration and I analysed them to understand about mass transfer, fluid infiltration 
timescales (chapter 3) and permeability (chapter 4). In chapter 3 to constrain timescales 
of fluid infiltration I analysed fluid mobile elemental profiles and applied reactive 
transport model with local equilibrium. I further estimated wall rock and fractured crust 
permeability in chapter 4. To understand these properties I estimated fluid pressure 
gradient by thermodynamic modeling. Finally, I proposed fluid infiltration model in the 
crustal conditions in chapter 5. Chapter 6 is conclusion. 
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In this thesis, I provide unique estimate of lower–middle crustal permeability based 
on the metamorphic processes associated with crustal fractures. Metamorphic fluid–rock 
reaction zones along fractures provide geological evidence of fluid infiltration and 
crustal fracturing, and can be used to estimate fluid pressure gradients and permeability 
changes. Previous reactive transport analyses on reaction zones along fractures focused 
on estimation of timescales (John et al., 2012; Taetz et al., 2018) and/or material transfer 
(Ague and Baxter, 2007; Pollington and Baxter, 2010). However, permeability estimates 
were limited because of the lack of proper constraints on pressure gradients during the 
reactions. Thermodynamic analyses on the chemical activity of H2O can constrain fluid 
pressures during metamorphic reactions (e.g., Goto and Banno, 1990; Anderson et al., 
2005). I show that the combination of thermodynamic analyses of H2O activity and 
reactive transport analyses enables permeability estimation on fluid-rock reaction zones. 
My results provide unique geological evidence for rapid fluid infiltration in the 
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2. Hydration reactions and Cl-bearing fluid activities at middle–lower crustal 
conditions 
2.1 Introduction 
Fluid activity in the crust induces mass and heat transport, enhances hydration 
reactions, modifies mechanical and rheological properties of rocks, and play an essential 
role in crustal deformation, and earthquake triggering (e.g., Ague, 1994; Cox, 1995; 
Fournier, 1991; Helgeson, 1964; Sibson, 1994). Fluid-rock hydration reactions form 
reaction zones around fluid pathways (fractures). Formation process is controlled by fluid 
infiltration pressure-temperature (P-T) conditions, fluid characteristics and host rock 
initial properties (e.g., Ague, 2011; Uno et al., 2014; Kleine et al., 2016). 
Chlorine-bearing fluids have an important role in element fluid solubility, induce 
significant compositional and mineralogical changes, control mass transfer (e.g., 
Higashino et al., 2013; Kusebauch et al., 2015), and are excellent tracers of fluids in the 
crust. Abundant evidence for Cl-bearing fluids in the Sør Rondane Mountains (SRM) 
region of East Antarctica (e.g., Higashino et al., 2013, 2019a, b; Kawakami et al., 2017; 
Uno et al., 2017) makes this an ideal area to investigate crustal fluids. 
In this chapter I investigated fluid–rock reaction zones in mafic granulite and 
orthopyroxene–hornblende (opx–hbl) schist samples from Mefjell, southern SRM, and in 
orthopyroxene–hornblende (opx–hbl) gneiss samples from Brattnipene, northern SRM,  
East Antarctica. I discuss hydration processes and fluid activity in the SRM. Clear 
mineralogical and chemical changes are observed in the fluid–rock reaction zones, which 
was used to analyze P-T conditions of fluid infiltration, mass transport and reaction 
progress. The implication of these results for Cl-bearing fluid activity at the crustal 





2.2 Geological setting 
The SRM (22°–28°E and 71.5°–72.5°S) were part of the collision zone between 
East and West Gondwana during the ca. 750–620 Ma East African–Antarctic Orogeny 
(Jacobs et al., 2003). The SRM are underlain by low- to high-grade metamorphic rocks 
and various syn-metamorphic intrusive rocks, which are divided into the northeastern 
(NE) and southwestern (SW) terranes by the Main Tectonic Boundary (Osanai et al., 
2013) (Fig. 2).  
 
Fig. 2 Geological map of the Sør Rondane Mountains (modified after Ishikawa et al., 
2013; Kawakami et al., 2017; Osanai et al., 1992, 2013; Shiraishi et al., 1997, 2008; 
Toyoshima et al., 2013). The main tectonic boundary is modified after Osanai et al. 




The NE terrane is composed of granulite-facies pelitic and psammitic rocks and 
intermediate igneous rocks, while the SW terrane is dominated by amphibolite- to 
greenschist-facies metamorphic rocks with intermediate to mafic compositions (Osanai 
et al., 2013; Shiraishi et al., 2008) (Fig. 2). Metamorphic rocks from the NE terrane 
have an oceanic affinity, whereas rocks from the SW terrane exhibit island or 
continental arc features (Osanai et al., 2013). In the southwestern part or SRM large 
east–west trending shear zone (Main Shear Zone) was defined (Kojima and Shiraishi, 
1986). It was interpreted to be large-scale late Pan-African strike-slip structure formed 
around 560–530 Ma and it is an important tectonic boundary in the region (Ruppel et 
al., 2015).  
The NE and SW terranes are subdivided into several units according to 
metamorphic grade. The NE terrane comprises amphibolite-facies (unit A) and 
granulite-facies rocks (unit B), and the SW terrane comprises granulite-facies (unit C) 
and amphibolite- to greenschist-facies rocks (units D and D`). Regional magmatism 
caused retrograde hydration in the SW terrane, where granulite-facies metamorphic 
rocks are overprinted by later amphibolite-facies metamorphism (e.g., Adachi et al., 
2013; Baba et al., 2012; Osanai et al., 2013). Granulite-facies metamorphism occurred 
at ca. 650–600 Ma, and subsequent amphibolite-facies metamorphism occurred in both 
terranes at ca. 570 Ma (Fig. 4) (e.g., Asami et al., 2005; Shiraishi et al., 2008). 
Mafic dykes with high K content and late-stage granitic and pegmatitic intrusions 
were observed and defines as post-tectonic dykes (e.g., Uno et al., 2017). Typical 
characteristics of oceanic, island arc, and continental margin arc settings was revealed 
from geochemical analysis of meta-basic igneous rocks in the SRM for some units 
(Osanai et al., 1992). 
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The samples used in this study were taken from unit C of the SW terrane (Fig. 2). 
Unit C is characterized by counter-clockwise P–T paths with initial P–T conditions of 
ca. 0.6–0.7 GPa and 800–900°C. Peak metamorphic conditions varied from 0.8–1.0 GPa 
and 750–900°C. After peak metamorphism, P–T conditions decreased to 0.8–0.9 GPa 
and 650–700°C. The final metamorphic event occurred at 0.2–0.3 GPa and 400–500°C 
(Fig. 4), (Adachi et al., 2013; Baba et al., 2012). 
The Mefjell located in the central part of the SW terrane, SRM. The Mefjell 
complex consists of plutonic rocks, and forms part of the Sør Rondane Suture Zone. 
Previous studies (Li et al., 2005) suggested low oxygen fugacity conditions and high 
temperatures, some iron-rich hydrous mafic minerals and primary ilmenite was 
observed.  
The Brattnipene located in the northern part of the SW terrane, SRM. 
Orthopyroxene widely distributed in the area. Biotite–hornblende, hornblende, and 
garnet–biotite gneisses was observed in the Brattnipene area, and these gneisses contain 
thin layers or blocks of garnet–sillimanite–biotite gneiss, amphibolite, pyroxene-
granulite, marble, charnockite, andenderbite. Orthopyroxene-bearing granulite is sparse 
and occurs either as thin layers or blocks. Adachi et al. (2010) proposed that 
decomposition of orthopyroxene was controlled by the degree of hydration during 
retrograde metamorphism in the gneisses of the Brattnipene area.  
Previous studies have documented that Cl-rich minerals (e.g., apatite, biotite, and 
hornblende) are present in felsic and mafic gneisses along large-scale shear zones and 
tectonic boundaries that extend over 200 km (Fig. 3), (Higashino et al., 2013, 2015, 




Fig. 3 Simplified geological map of the Sør Rondane Mountains (after Shiraishi et al., 
2008) and the sample locations of metapelitic gneisses utilized in the determination of 
Cl concentration in biotite. The numbers in parentheses on the map represents the 
highest Cl concentration observed in each sample. PI stands for Pingvinane, L stands for 
Lunkeryggen, and M stands for Mefjell. SRS stands for the Sør Rondane Suture (Osanai 
et al., 1992). After Higashino et al., 2013. 
 
 Such Cl-rich minerals result from interaction with Cl-rich fluids or melts that were 
present at near-peak metamorphic conditions and/or in prograde and retrograde P–T 
conditions (Fig. 4) (e.g., Higashino et al., 2013, 2015, 2019a, b; Kawakami et al., 2017; 
Uno et al., 2017). Some of the Cl-rich fluids are likely to have been derived from mafic 
rocks (Higashino et al., 2019b) and from the slab and/or granitic magma below the crust 





Fig. 4 Upper figure showing simplified tectonic model for the continental collision in the 
SRM, modified after Osanai et al. (2013). Chlorine-rich fluid infiltration in Brattnipene 
presumably took place at the under the uppermost part of the footwall of the MBT under 
the amphibolite and greenschist-facies conditions. After Kawakami et al., 2017. Down 
figure shows P-T path for the Southwestern terrane. Blue squares show Cl-rich and KCl-
rich fluids infiltrations (Adachi et al., 2013; Baba et al., 2012; Higashino et al., 2013; Uno 
et al., 2017). Modified after Osanai et al. (2013).  
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Balchenfjella samples from the NE terrane (Higashino et al., 2013) indicates that Cl-rich 
fluids or melts infiltrated at 603 ± 14 Ma under ca. 800 ◦C and 0.8 GPa. Cl-rich biotite 
was observed in this samples. It suggested that biotite may have formed regionally under 
high-grade metamorphic conditions and Cl-rich fluids or melt infiltrated widely in the Sør 
Rondane Mountains near the peak metamorphism at ca. 600 Ma (Shiraishi et al., 2008). 
Fluids or melt infiltration during retrograde metamorphism was suggested for the eastern 
part of the Sør Rondane Mountains (Higashino et al., 2013). Several fluid infiltrations 
suggested for the Balchenfjella, which is located near large scale shear zone and could be 
possible fluids source. Brattnipene in the SW terrane is also located on a ductile shear 
zone and this shear zone also could be from where fluids came. However, fluid source 
could be possibly different.  
In this study, I investigated samples collected during the 51st Japan Antarctic 
Research Expedition to Mefjell, SRM, East Antarctica (72.049°S and 25.152°E) in 
2009–2010. The studied area comprises granulite-facies rocks of the SW terrane (unit 
C) located close to the Sør Rondane suture (Osanai et al., 1992), which is defined as the 
boundary between amphibolite-facies and lower grade metamorphic rocks and 
granulite-facies rocks in the SW terrane (Fig. 2). I investigated mafic granulite 
(121403A1 and 121403A2), opx–hbl schist samples (121403B, 121403B1, 121403B2) 
from Mefjell that are partially hydrated along fractures due to hydration reactions. The 




Fig. 5 Photographs of partly hydrated mafic granulite, opx–hbl schist and opx–hbl 
gneiss. White dashed lines indicate boundaries between mafic granulite and opx–hbl 
schist. (a) Mafic granulite and opx–hbl schist; (b) close-up of the boundary between 
mafic granulite and opx–hbl schist; (c) reaction zones in mafic granulite; (d) opx–hbl 
schist with the white arrow showing the schistosity; (e) reaction zones in the opx–hbl 
gneiss ; (f) close-up of the partial melt in the opx–hbl gneiss. 
 
The mafic granulite is slightly foliated and is cut by numerous randomly oriented 
dark-colored reaction zones. The characteristic fracture length is 10–100 m. The width 
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of the reaction zones varies from several mm to 1–2 cm. In the opx–hbl schist, the 
schistosity is well developed and parallel to the lithological boundary with the mafic 
granulite. Dark-coloured reaction zones cut the host rock obliquely and are 10–100 m in 
length and 0.3–3.0 cm in width. These reaction zones are ubiquitous in the study area 
over an extent of 100 m to 1 km. Opx–hbl gneiss samples collected from Brattnipene 
(N09121001A, N09121001B, N09121001C, N09121001D, N09121001E) also partly 
hydrated or contain partial melt (Fig. 5 e, f). In the opx–hbl gneiss samples schistosity is 
well developed, reaction zones with different width from several mm to cm crosscut the 
schistosity. The characteristic length of the fracture is 10–100 m. Some samples 
(N09121001B, N09121001C, N09121001D,) consist light-colored partial melt with 
dark-colored inclusions. In the N09121001C sample reaction zone with 4 mm width is 
passing between partial melt and the host rock,     
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2.3 Analytical methods 
Mineral compositions were determined using an electron probe microanalyzer 
(EPMA; JEOL JXA-8200) at the Graduate School of Environmental Studies, Tohoku 
University, Japan, using a 15 kV accelerating voltage and 12 nA beam current. The 
beam diameter was 3 µm for apatite and 1 µm for other minerals. SiO2, TiO2, Al2O3, 
FeO, MnO, MgO, CaO, Na2O, K2O, P2O5, Cr2O3, Cl, and F were analysed. The 
counting times for the peaks and backgrounds were 30 and 15 s for Cl and F, and 10 and 
5 s for the other elements, respectively. 
X-ray mapping by EPMA was conducted with a 15 kV accelerating voltage, 120 nA 
beam current, and dwell time of 20–30 ms. The beam diameter was 1 µm. For the 
reaction zones and host rock mafic granulite and opx–hbl schist, the X-ray maps were 
produced for areas that were 1000 × 400 and 1024 × 700 pixels in size, with a pixel size 
of 5 and 7 µm (Fig. 7). The mapped areas covered the entire region between the reaction 
zone and host rock in each sample. Mineral phases were identified by combining all the 
elemental maps using XMapTools (Lanari et al., 2014). Based on the mineral phase 
maps, modal mineralogy profiles were constructed.  
The combination of the modal mineralogy profiles and mineral chemistry allowed 
elemental profiles to be constructed and used for the estimation of mass transport and 
water distribution within the reaction zones. H2O contents along the reaction zone and 
in the host rock (𝑐𝐻2𝑂 g/cm
3) were determined from the H2O contents and modes of 
hydrous minerals using the following equation: 𝑐𝐻2𝑂 = ∑ 𝑀𝑖
𝑚𝐻2𝑂𝑋𝐻2𝑂
𝑉𝑖
𝑖 , where Mi is the 
mineral mode expressed as a volume ratio, Vi (cm
3/mol) is the molar volume of hydrous 
mineral i, and 𝑚𝐻2𝑂 (g/mol) is the molecular weight of H2O. 𝑋𝐻2𝑂 is the moles of 
H2O per unit formula of hydrous mineral i, as constrained by stoichiometry. 
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Pseudosection analysis was undertaken to estimate the P–T conditions of the host 
rocks and water activities in the reaction zones. Pseudosections were calculated using 
Perplex X 6.8.5 (Connolly, 2009) in the Na–Ca–K–Fe–Mg–Al–Si–Ti–H2O system with 
the hp02ver.dat dataset (Holland and Powell, 1998), and the internally consistent 
thermodynamic dataset and equation of state for H2O of Holland and Powell (1998, 
revised 2004). Fluids are assumed to be pure H2O. Bulk compositions used to constrain 
the pseudosections are listed in Table 1. 
The following solid solution models were used: orthopyroxene (Holland and 
Powell, 1996), clinopyroxene (Holland and Powell, 1996), feldspar (Fuhrman and 
Lindsley, 1988), biotite (Powell and Holland, 1999), garnet (Holland and Powell, 1998), 
clinoamphibole (Wei and Powell, 2003), chlorite (Holland and Powell, 1998), epidote 
(Holland and Powell, 1998), olivine (Holland and Powell, 1998), anthophyllite, mica, 




2.4 Petrography and mineral chemistry 
Photomicrographs of the samples are shown in Fig. 6, and element maps (Fig. 7), 
modal mineralogies, and H2O contents are shown in Fig. 8. Bulk chemical composition, 
mineral assemblage and mineral chemistry of the reaction zones are listed on Tables 1, 2 
and 3, respectively. XMg was calculated as XMg = Mg/(Mg + Fe). 
The dark coloured reaction zones observed in outcrop correspond to pyroxene 
decomposition and the formation of amphiboles ± biotite, as described in detail below. 
I defined the distance x along the reaction zone as the distance from the fracture 


















Table 1 Bulk chemical composition (wt.%) of the reaction zones and host rock mafic granulite, opx–hbl schist, and opx–









Zone x [mm] SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 H2O 
Mafic granulite 
Reaction zone <2 54.19 3.25 13.45 12.12 0.01 4.86 6.92 3.42 0.65 0.46 – 0.66 
Host rock >2 54.29 2.77 16.66  9.01 0.01 3.86 7.76 4.82 0.39 0.43 – 0.00 
Opx–hbl schist 
Act–cum zone <1.4 48.94 2.12 6.89 11.40 0.05 17.91 9.24 0.62 0.11 0.24 0.11 2.37 
Act–opx zone 1.4–3 47.38 2.86 7.84 11.63 0.09 17.69 9.68 0.63 0.12 0.24 0.14 1.69 
Host rock >3 47.49 2.50 8.54 11.99 0.09 17.25 9.29 0.52 0.31 0.40 0.12 1.49 
Opx–hbl gneiss              
Partial melt <1.5   64.2  0.1 19.5 2.4 0.0 1.1 6.3 5.6 0.6 0.1 0.0 0.2 
Reaction zone 1.5–5.5 49.0   0.8 15.3 13.0 0.0 6.7 9.1 2.9 1.8 0.0 0.0 1.3 
Host rock >5.5 49.2 0.5 18.1 11.5 0.0 5.5 8.3 4.3 1.4 0.3 0.0 0.9 
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Zone x [mm] Qtz Pl Kfs Bt Mus Zo Act Hbl Prg Cum Cpx Opx Mag Spl Ilm Chl Stp Brc-Serp Ap 
 Mafic granulite  
Reaction zone <2 ○ ○ – ○ – – ± ○ – ± – – – – ± ± – – ± 
Host rock >2 – ○ ± – – – – – – – ○ ○ – – ± – – – ± 
 Opx–hbl schist  
Act–cum zone <1.4 – – – – – – ○ ○ – ○ – – ± – ± – ± ± ± 
Act–opx zone 1.4–3 – – – – – – ○ ○ – – – ○ – ± ± – – – ± 
Host rock >3 – ± – – ± ± – ○ – – ± ○ – ± ± – – – ± 
Opx–hbl gneiss                     
Partial melt <1.5 ○ ○ – ± – – – – ± – ± ± ± – ± – – – ± 
Reaction zone 1.5–5.5 ± ○ – ± – – – – ○ ± – ± ± – ± – – – ± 
Host rock >5.5 ± ○ – ± – – – – ± – ○ ○ ± – ± – – – ± 
 ○: present as a major component, ±: present as a minor component, –: not present, x: distance from the reaction zone or act–cum zone centre. Abbreviations: 
Qtz, quartz; Pl, plagioclase; Kfs, K-feldspar; Bt, biotite; Mus, muscovite; Zo, zoisite; Act, actinolite; Pgs, pargasite; Hbl, hornblende; Cum, cummingtonite; 
Cpx, clinopyroxene; Opx, orthopyroxene; Mag, magnetite; Spl, spinel; Ilm, ilmenite; Chl, chlorite; Stp, stilpnomelane; Brc–Serp, brucite–serpentine 
mixture; Ap, apatite. 
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Table 3 Representative compositions of minerals in the mafic granulite, opx–hbl schist, and opx–hbl gneiss samples. 
Mineral  Pl  Kfs  Cpx Zo 
Sample  MG Opx–hbl schist Opx–hbl gneiss  MG  MG Opx–hbl schist Opx–hbl gneiss Opx–hbl schist 
Zone  R.zone HR HR P.melt R.zone HR  HR  R.zone HR HR P.melt HR HR 
                 
SiO2   58.24 60.02 40.26 59.11  57.66 57.69  62.14  52.36 52.39 52.70 50.67 50.73  39.62 
TiO2   0.02 0.08 0.02 0.03 0.04 <0.01  0.03  0.20 0.06 0.28 0.26 0.28 0.02 
Al2O3   26.44 25.24 32.90 25.47 25.62 26.37  18.49  0.87 0.47 1.28 2.52 2.51 32.28 
FeO   0.12 0.04 0.27 0.22 0.41 0.16  0.19  12.58 12.23 6.72 12.65 12.00 0.97 
MnO   <0.01 <0.01 0.08 <0.01 <0.01 0.05  n.d.  0.27 0.03 0.09 0.44 0.67 0.04 
MgO   n.d. <0.01 0.02 0.03 <0.01 0.02  n.d.  11.26 12.34 16.24 11.51 12.08 0.02 
CaO  8.11 6.72 24.71 7.63 7.76 8.17  n.d.  21.81 22.32 22.72 21.09 20.85 24.15 
Na2O  6.72 7.53 0.16 6.83 7.10 7.10  0.57  0.28 0.15 0.03 0.52 0.59 n.d. 
K2O  0.17 0.41 <0.01 0.19 0.22 0.36  16.76  n.d. n.d. <0.01 0.02 n.d. 0.01 
P2O5  n.d. n.d. 0.01 0.05 n.d. n.d.  n.d.  n.d. n.d. 0.14 n.d n.d. 0.01 
Cr2O3  n.d. n.d. n.d. n.d. n.d. n.d.  n.d.  0.01 0.03 n.d. n.d 0.04 0.07 
F  – – – – – –  –  – – – – – – 
Cl  – – – – – –  –  – – – – – – 
Total  99.81 100.05 98.45* 99.60 98.82 99.94  98.18  99.64 100.02 100.22 99.91 99.73 97.19 
# of oxygens  8  8  6 12.5 
Si  2.61 2.67 1.94 2.65 2.62   2.95  1.99 1.98 1.95 1.87 1.88 3.03 
Ti  <0.01 <0.01 <0.01 <0.01 <0.01   <0.01  0.01 <0.01 0.01 0.01 <0.01 <0.01 
Al  1.40 1.33 1.87 1.34 1.37   1.03  0.04 0.02 0.06 0.11 0.11 2.91 
Fe3+  – – – <0.01 0.02   –  – – – 0.39 0.37 0.06 
Fe2+  <0.01 <0.01 0.01 <0.01 <0.01   <0.01  0.40 0.39 0.21 0.01 0.02 – 
Mn  <0.01 <0.01 <0.01 <0.01 <0.01   n.d.  0.01 <0.01 <0.01 0.63 0.67 <0.01 
Mg  n.d. <0.01 <0.01 0.37 0.38   <0.01  0.64 0.70 0.89 0.84 0.83 <0.01 
Ca  0.39 0.32 1.28 0.59 0.62   n.d.  0.89 0.91 0.90 0.04 0.04 1.98 
Na  0.58 0.65 0.02 0.01 0.01   0.05  0.02 0.01 <0.01 <0.01 <0.01 n.d. 
K  0.01 0.02 <0.01 <0.01 <0.01   1.02  n.d. n.d. <0.01 <0.01 n.d. <0.01 
P  n.d. n.d. <0.01 <0.01 n.d.   n.d.  n.d. n.d. <0.01 n.d n.d. <0.01 
Cr  n.d. n.d. n.d. n.d. n.d.   n.d.  <0.01 <0.01 n.d. n.d n.d. <0.01 
F  – – – – –   –  – – – – – – 
Cl  – – – – –   –  – – – – – – 
Total cations  4.99 5.00 4.75 4.97 4.95   5.05  3.99 4.01 4.02 3.90 3.92 8.00 
XAb   0.59 0.65 0.01 0.61 0.62 0.60  0.05        
XMg            0.61 0.64 0.81 0.64 0.62  
T [°C]  625    760      856   870  
P [GPa]                  
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n.d.: not detected, –: not analyzed, *: Total is low because of the very small grain width (<5 µm) of the analyzed region, 
**: Fe3+ in amphibole was calculated according to Holland and Blundy (1994). 





Table 3 (continued) 
Mineral  Opx  Bt  Mus 
mple  MG Opx–hbl schist Opx–hbl gneiss  MG Opx–hbl gneiss  Opx–hbl schist 
Zone  R.zone HR Act–opx HR P.melt R.zone HR  R.zone P.melt R.zone HR  HR 
                 
SiO2  50.80 51.78 53.20 53.94 51.55 51.07 51.28  36.83 35.11 37.82 36.85  46.37 
TiO2  0.13 0.09 0.09 0.04 0.12 0.11 0.08  4.57 1.84 0.74 3.88  0.04 












FeO  31.08 31.94 19.82 19.70 27.07 27.11 27.82  21.60 21.58 15.05 16.37  
MnO  0.54 0.01 0.14 0.29 1.81 1.82 1.17  0.14 0.05 0.10 <0.01  
MgO  15.18 16.14 25.30 24.85 17.93 18.20 18.07  9.10 11.17 16.90 13.98  
CaO  0.96 0.40 0.70 0.58 0.57 0.58 0.73  0.08 0.11 0.04 0.14  
Na2O  0.05 n.d. n.d. 0.04 0.04 0.07 0.02  0.04 0.04 0.10 0.09  
K2O  0.02 n.d. 0.02 <0.01 <0.01 <0.01 <0.01  9.55 9.18 10.53 11.02  
P2O5  n.d. n.d. 0.10 0.03 0.02 <0.01 <0.01  0.03 0.04 <0.01 <0.01  
Cr2O3  n.d. 0.02 0.01 0.12 <0.01 0.02 0.04  n.d. 0.03. 0.01 0.02  
F  – – – – – – –  n.d. 0.49 1.12 1.02  
Cl  – – – – – – –  0.10 0.90 0.50 0.04  
Total  99.22 100.60 100.99 100.98 100.07 100.11 100.5  97.02 95.93 97.89 97.55  
# of oxygens  6  22  22    















Ti  0.00 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01  0.52 0.21 0.08 0.43  
Al  0.02 0.01 0.07 0.06 0.04 0.05 0.05  2.68 2.86 2.67 2.54  
Fe3+  – – – – – 0.87 –  – – – –  
Fe2+  1.02 1.03 0.60 0.60 0.87 0.06 0.89  2.74 2.77 1.83 2.02  
Mn  0.02 <0.01 <0.01 0.01 0.06 1.04 0.04  0.02 0.01 0.01 <0.01  
Mg  0.89 0.93 1.37 1.35 1.02 0.02 1.03  2.06 2.56 3.67 3.08  
Ca  0.04 0.02 0.03 0.02 0.02 0.01 0.03  0.01 0.02 0.01 0.02  
Na  <0.01 n.d. n.d. <0.01 <0.01 <0.01 <0.01  0.01 0.01 0.03 0.02  
K  <0.01 n.d. <0.01 <0.01 <0.01 <0.01 <0.01  1.85 1.80 1.95 2.08  
P  n.d. n.d. <0.01 <0.01 <0.01 <0.01 <0.01  <0.01 0.01 <0.01 <0.01  
Cr  n.d. <0.01 <0.01 <0.01 <0.01 <0.01 <0.01  n.d. <0.01 <0.01 <0.01  
F  – – – – – – –  n.d. 0.24 0.52 0.48  
Cl  – – – – – – –  0.02 0.23 0.12 0.01  
Total cations  3.99 3.99 4.02 4.01 4.00 4.01 4.01  15.49 16.10 16.39 16.14   
XAb                  
XMg  0.47 0.47 0.69 0.69 0.54 0.54 0.54  0.43 0.48 0.67 0.60    
T [°C]   856    870          
P [GPa]                     
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Table 3 (continued) 
Mineral  Act  Hbl  Prg  Cum  
Sample  Opx–hbl schist  MG Opx–hbl schist  Opx–hbl gneiss  MG Opx–hbl schist Opx–hbl gneiss 
Zone  Act–cum Act–opx  R.zone Act–cum Act–opx HR  P.melt R.zone HR  R.zone Act–cum R.zone 















TiO2   0.18 0.10   0.36 1.38 1.54 1.40  1.20 1.14 1.59  0.01 0.14 0.03  
Al2O3   3.13 1.33   9.28 10.84 9.57 9.95  12.48 13.04 11.21  0.67 3.73 1.06  
FeO   7.54 5.45   18.15 7.92 8.29 8.47  20.10 18.56 15.75  25.77 14.25 27.12  
MnO   n.d. n.d.   0.13 n.d. 0.08 0.09  0.25 0.20 <0.01  0.38 n.d. 0.66  
MgO   20.79 21.38   9.67 16.03 16.31 16.14  8.35 8.78 10.82  16.04 20.99 17.41  
CaO  10.93 12.39   11.29 12.11 11.79 12.13  11.30 11.64 11.90  1.49 3.37 0.59  
Na2O  0.31 0.11   0.73 0.84 0.85 0.84  1.31 1.18 1.01  <0.01 0.42 <0.01  
K2O  n.d. n.d.   0.75 0.15 0.17 0.71  2.42 2.65 2.05  0.02 0.04 0.03  
P2O5  0.04 0.01  n.d. 0.06 n.d. 0.03  <0.01 0.04 <0.01  n.d. n.d. n.d.  
Cr2O3  0.05 0.04  0.05 0.22 0.18 0.20  <0.01 0.02 <0.01  n.d. 0.02 n.d.  
F  – –  – – – –  0.61 0.17 0.47  – – –  
Cl  – –  – – – –  1.71 1.37 0.02  – – –  
Total  96.80 96.73  95.78 96.12 95.86 96.99  99.04 98.77 96.80  97.48 95.19 97.52  
# of oxygens  23**    23**  23**    23**  
Si  0.52 7.81   6.88 6.68 6.78 6.74  6.20 6.20 6.43  7.93 7.53 7.61  
Ti  7.54 0.01   0.04 0.15 0.17 0.15  0.14 0.13 0.18  <0.01 0.01 <0.01  
Al  0.02 0.22  1.66 1.83 1.62 1.68  2.28 2.36 2.01  0.12 0.63 0.19  
Fe3+  0.34 0.14  0.30 0.36 0.39 0.28  – – –  0.01 0.26 –  
Fe2+  0.55 0.50   2.00 0.60 0.62 0.74  2.61 2.39 2.01  3.15 1.47 3.41  
Mn  n.d. n.d.   0.02 n.d. 0.01 0.01  0.03 0.03 <0.01  0.05 n.d. 0.08  
Mg  4.34 4.45   2.19 3.43 3.50 3.45  1.93 2.01 2.46  3.51 4.51 3.90  
Ca  1.64 1.85   1.83 1.86 1.82 1.86  1.88 1.92 1.94  0.23 0.52 0.09  
Na  0.08 0.03  0.21 0.23 0.24 0.23  0.39 0.35 0.30  <0.01 0.12 <0.01  
K  n.d. n.d.   0.14 0.03 0.03 0.13  0.48 0.52 0.40  <0.01 0.01 <0.01  
P  <0.01 <0.01  n.d. 0.01 n.d. <0.01  <0.01 <0.01 <0.01  n.d. n.d. n.d.  
Cr  0.01 <0.01   0.01 0.03 0.02 0.02  <0.01 <0.01 <0.01  n.d. <0.01 n.d.  
F  – –  – – – –  0.30 0.08 0.23  – – –  
Cl  – –  – – – –  0.45 0.36 0.01  – – –  
Total cations  15.05 15.02  15.28 15.19 15.18 15.30  15.95 15.91 15.73  15.00 15.08 15.30  
XAb                   
XMg   0.83 0.87  0.49 0.78 0.78 0.77  0.43 0.46 0.55  0.53 0.72 0.53  
T [°C]     625      760       
P [GPa]     0.52      0.62       
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Table 3 (continued) 












 MG Opx–hbl schist 
Opx–hbl gneiss 
Zone  Act–cum HR R.zone Act–cum Act–cum  R.zone HR Act–cum Act–opx HR R.zone HR  
                
SiO2   n.d.  n.d.  <0.01 0.08  43.37  0.15 0.27 0.10 0.07  0.01 n.d. 0.22   
TiO2   0.52  0.01  52.51 53.03  0.04  0.04 0.01 0.01 n.d. 0.02 0.06 n.d.  
Al2O3   2.63  62.23  n.d. 0.06  1.43  0.02 n.d. 0.01 0.02 n.d. n.d. n.d.  
FeO   81.00  24.19  45.70 43.91  26.82  0.32 0.11 0.24 0.19 0.30 0.04 0.06  
MnO   0.08  0.06  0.80 0.27  0.18  0.06 n.d. 0.03 0.10 0.03 0.13 n.d.  
MgO   0.47  10.46  0.10 2.77  8.31  0.01 0.06 n.d. 0.04 0.06 n.d. 0.01  
CaO  0.04  0.17  0.03 0.04  1.86  53.70 54.86 53.45 54.15 54.41 55.42 55.62  
Na2O  n.d.  n.d.  0.07 n.d.  n.d.  0.01 n.d. 0.07 0.13 0.04 n.d. n.d.  
K2O  n.d.  0.01  n.d. n.d.  0.07  0.02 0.02 n.d. n.d. n.d. n.d. 0.02  
P2O5  n.d.  n.d.  n.d. n.d.  0.02  41.10 41.29 41.18 42.51 41.85 41.88 40.96  
Cr2O3  6.01  n.d.  <0.01 0.20  n.d.  0.01 n.d. n.d. n.d. n.d. n.d. 0.01  
F  n.d.  –  n.d. n.d.  n.d.  3.31 3.87 1.36 2.02 2.06 2.63 3.74  
Cl  n.d.  –  n.d. n.d.  n.d.  0.14 0.08 1.71 0.45 0.24 0.61 0.10  
Total  90.75  97.13  99.21 100.36  82.73  97.44 98.92 97.19 98.72 98.11 99.52 99.14  
# of oxygens    4    4  3    12.5  
Si  n.d.  n.d.  <0.01 <0.01    0.01 0.02 0.01 0.01 <0.01 n.d. 0.02  
Ti  0.02  <0.01  1.00 0.98    <0.01 <0.01 <0.01 n.d. <0.01 <0.01 n.d.  
Al  0.12  2.01  n.d. <0.01    <0.01 n.d. <0.01 <0.01 n.d. n.d. n.d.  
Fe3+  1.66  –  – –    – – – – – – –  
Fe2+  0.98  0.55  0.97 0.89    0.02 0.01 0.02 0.01 0.02 <0.01 <0.01  
Mn  <0.01  <0.01  0.02 0.01    <0.01 n.d. <0.01 0.01 <0.01 0.01  n.d.  
Mg  0.03  0.43  <0.01 0.10    <0.01 0.01 n.d. <0.01 0.01 n.d. <0.01  
Ca  <0.01  0.01  <0.01 <0.01    4.91 4.96 4.90 4.84 4.91 4.97 5.04  
Na  n.d.  n.d.  <0.01 n.d.    <0.01 n.d. 0.01 0.02 0.01 n.d. n.d.  
K  n.d.  <0.01  n.d. n.d.    <0.01 <0.01 n.d. n.d. n.d. n.d. <0.01  
P  n.d.  n.d.  n.d. n.d.    3.01 2.99 3.02 3.04 3.02 3.00 2.97  
Cr  0.19  n.d.  <0.01 <0.01    <0.01 n.d. n.d. n.d. n.d. n.d. <0.01  
F  n.d.  –  n.d. n.d.    0.89 1.03 0.37 0.53 0.55 0.70 1.00  
Cl  n.d.  –  n.d. n.d.    0.02 0.01 0.25 0.06 0.03 0.09 0.01  
Total cations  3.00  3.00  2.00 2.00    7.97 7.99 7.96 7.94 7.97 7.99 8.03  
log(fHCL/fH2O)           -3.35  -3.67 -4.32  -2.69   
XMg   0.03  0.44  <0.01 0.10            
T [°C]  438                 






Fig. 6 Thin-section scans and photomicrographs of (a) mafic granulite; (b) opx–hbl schist (normal 
to schistosity and parallel to lineation); (c) opx–hbl schist (normal to schistosity and lineation); (d) 
opx–hbl gneiss showing mineralogical and microstructural changes in the reaction zones and host 
rocks with increasing extent of hydration. Arrows with “s” indicate schistosity. Red dotted squares 
indicate the elemental areas maps. 
 
Fig. 7 Si, Al, Fe, Mg, Ca elemental map of (a) mafic granulite and (b) opx–hbl schist 
showing a clear difference between reaction zones and host rock. Arrows with “S, L” indicate 







Fig.8 Elemental and mineral phase maps, modal mineralogy profiles, and H2O content variations in the (a) mafic granulite, (b) opx–hbl schist and (c) 







Fig. 9 Replacement and symplectite textures in reaction zones in the mafic granulite (a–
b) and opx–hbl schist (c–j). (a–b) Orthopyroxene and clinopyroxene partly replaced by 
hornblende and biotite in mafic granulite. (c) Boundary between actinolite–
cummingtonite zone (right) and actinolite–orthopyroxene zone (left) (d) Boundary 
between actinolite–orthopyroxene zone (left) and opx–hbl shist host rock (right). (e) 
Symplectite of zoisite and muscovite after anorthite in the opx–hbl schist host rock. (f) 
Zoisite–muscovite surrounded by a symplectite of tschermakite–spinel in the actinolite–
orthopyroxene zone. (g) Clinopyroxene rims partly replaced by actinolite. (h) 
Orthopyroxene rims partly replaced by cummingtonite. (i–j) Elemental map of Al and Mg 
showing a fracture filled with cummingtonite, surrounded by actinolite–cummingtonite 
reaction zone. Arrows with “s” indicate schistosity. 
 
 
Fig. 10 (a) Albite (Ab)–anorthite (An)–oligoclase (Or) ternary diagram for the mafic 
granulite and opx–hbl schist. Anorthite content (XAn = Ca/[Ca + K + Na]) variations in 
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single plagioclase grains in the (b) mafic granulite reaction zone and (c) its host rock. 
Compositional variations of amphibole shown as Na (a.p.f.u) in the B site versus Si 




Fig. 11 (a) Albite (Ab)–anorthite (An)–oligoclase (Or) ternary diagram for the opx–hbl 
gneiss. Compositional variations of amphibole shown as Na (a.p.f.u) in the B site versus 
Si (a.p.f.u.) for the reaction zones in the opx–hbl gneiss. 
 
2.4.1 Mafic granulite 
In the mafic granulite, dark coloured reaction zones crosscut the host rock (Fig. 2). 
Mafic granulite is holocrystalline with an equigranular texture. Two zones were 
identified in the mafic granulite samples (Figs. 3a and 4a): (i) reaction zones (1–2 mm 
thick); and (ii) mafic granulite host rock.  
 
2.4.1.1 Mafic granulite host rock 
The host rock consists dominantly of plagioclase (70.1 vol.%), orthopyroxene (12.2 
vol.%), and clinopyroxene (11.2 vol.%), with minor amounts of ilmenite (3.2 vol.%), K-
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feldspar (2.1 vol.%), and apatite (1.1 vol.%) (Table 2; Fig. 6 a). 
Plagioclase and K-feldspar are euhedral to subhedral and 50–500 and 20–50 μm in 
size, respectively. Clinopyroxene and orthopyroxene are euhedral to subhedral and 100–
500 μm and 100 μm to 1 mm in size, respectively. Ilmenite are present as minor 
minerals and are 100–300 μm in size. Apatite is elongate with lengths of 10–50 μm and 
widths of 5–30 μm. Alignment of orthopyroxene and clinopyroxene defines the 
gneissosity within the host rock, which are obliquely cut by the reaction zones (Fig. 6 a) 
 
2.4.1.2 Reaction zone 
The reaction zone consists mainly of plagioclase (47.2 vol.%), hornblende (22.4 
vol.%), and quartz (9.3 vol.%), with minor amounts of orthopyroxene (8.4 vol.%), 
biotite (4.2 vol.%), ilmenite (3.6 vol.%), clinopyroxene (2.8 vol.%), apatite (1.2 vol.%), 
K-feldspar (0.4 vol.%), and chlorite (0.2 vol.%). Amphibole is anhedral and 20–300 μm 
in size. 
Biotite is euhedral–subhedral, acicular or fibrous, and 20–200 μm in size. Quartz is 
anhedral and 20–300 μm in size. Ilmenite are present as minor minerals and are 100–
300 μm in size. Apatite is present as an accessory mineral with lengths of 10–50 μm and 
widths of 5–30 μm. Clinopyroxene and orthopyroxene are partly or completely replaced 
by hornblende or cummingtonite, respectively, with biotite present at the pyroxene 
crystal rims (Fig. 9 a, b). There is no preferred orientations for biotite or amphiboles. 
The presence of clinopyroxene, orthopyroxene, plagioclase, and K-feldspar is 
mostly limited to the host rock. In contrast, the reaction zones are characterised by the 
occurrence of hydrous minerals such as biotite, cummingtonite, and hornblende. 
Pyroxene replacement textures (Fig. 9 a, b) suggest that the pyroxenes have 
decomposed to these hydrous minerals. No significant grain size differences or modal 
variations were observed for apatite between the different zones. 
 
2.4.1.3 Mineral chemistry of Mafic granulite 
Most of the plagioclase grains in the host rock are depleted in Ca (Xan < 0.35) as 
compared with the plagioclase in the reaction zone (Table 3; Fig. 10 a). Some 
plagioclase grains in the host rock exhibit compositional zoning with higher anorthite 
contents in the core (Xan ≈ 0.5) than the rim (Xan ≈ 0.35), whereas plagioclase grains in 
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the reaction zone show increasing anorthite content from the core (Xan ≈ 0.40) to the 
mantle (Xan ≈ 0.50), which then decreases towards the rim (Xan ≈ 0.35), (Fig. 10 b, c). 
The anorthite-rich plagioclase (Xan ≈ 0.45) in the reaction zone is in contact with the 
tschermakite rim of zoned hornblende. K-feldspar is also present in the reaction zone 
and the host rock (Xor = 0.93–0.96). 
The amphiboles show large variations in Si contents, with the type of amphibole 
varying from hornblende to tschermakite (Fig. 10 d, e). The most common amphibole 
is hornblende. Si contents show variations from 6.4 to 7.5 atoms per formula unit 
(a.p.f.u.), and Na contents in the B site vary from 0.01–1.5 a.p.f.u. The amphibole 
grains are zoned and Si contents in individual grains vary by up to 0.3 a.p.f.u. (Fig. 10 
d). 
XMg values of clinopyroxene in the reaction zones (XMg = 0.58–0.63) and host mafic 
granulite (XMg = 0.59–0.64) are almost identical. Orthopyroxene XMg values are similar 
in the host mafic granulite (XMg = 0.46–0.48) and reaction zones (XMg = 0.45–0.47). 
Apatite is ubiquitous in the reaction zones and host rocks, and is the main host of Cl 
and F. Cl contents vary significantly from 0.38 wt.% in the reaction zones to 0.05 
wt.% in the host mafic granulite (Fig. 12 a). In contrast, apatite F contents increase 
from the reaction zone (1.46 wt.%) to the host rock (3.46 wt.%). 
The highest Cl contents in apatite are observed in the grains in the reaction zone, 
and gradually decrease moving into the host rocks. Apatite Cl concentrations are 
uniform at x < 2 mm from the centre of the reaction zones, whereas at x > 2 mm the 
apatite Cl concentrations decrease. No significant compositional zoning was observed 






Fig. 12 Chlorine profiles in individual apatite grains from the (a) mafic granulite,  
(b) opx–hbl schist, and in apatite and pargasite grains in (c) opx–hbl gneiss. In (a), the 
blue coloured area shows the reaction zone. In (b), the blue coloured area shows the 
stp–act–cum zone and the light blue coloured area shows the act–opx zone. (C1) is the 
profile measured in apatite grains and (C2) in pargasite grains in the reaction zone in 
opx–hbl gneiss 
 
2.4.2 Opx–hbl schist 
The opx–hbl schist is fine-grained with a schistose structure. Some of the opx–hbl 
schist samples contain narrow (<0.4 mm) fractures identified by depletion of Na, Ca, 
and Al, and enrichment of Si and Mg in elemental maps (Fig. 9 i, j). Based on the local 
mineral assemblages, grain size variations, occurrence of minerals and symplectites, the 
opx–hbl schist samples can be divided into (Figs. 6 b, c and 9 c, d): (i) actinolite–
cummingtonite (act–cum) zones (1.4 mm thick); (ii) actinolite–orthopyroxene (act–opx) 
zones (1.6 mm thick); and (iii) host rock. Actinolite–cummingtonite zones are 
surrounded by actinolite–orthopyroxene zones, which in turn gradually zone into the 
host rock. Rare microfractures radiate from the centre of the fracture in a direction sub-
perpendicular to the reaction zone, and cut the reaction zone ± host rock (Fig. 13). 




Fig. 13 Microfracture distribution and occurrence in reaction zones in opx–hbl schist. Red 
arrows indicate microfracture locations. (a) Microfractures emanating from the main fracture and 
cutting the reaction zones and schistosity. (b) Microfractures located farther from the main 
fracture with narrow hydration zones. (c) Fe X-ray map of the area located farther from the 
microfracture showing orthopyroxene to cummingtonite alteration along grain boundaries. (d) 
Photomicrograph of the X-ray map area showing grain–boundary alteration. The scale bars are 





2.4.2 Petrography of opx–hbl schist 
2.4.2.1 Host rock 
The host rock consists dominantly of hornblende (62.9 vol.%) and orthopyroxene 
(25.2 vol.%), with minor amounts of zoisite (4.0 vol.%), muscovite (2.5 vol.%), 
ilmenite (1.9 vol.%), clinopyroxene (1.5 vol.%), apatite (0.9 vol.%), anorthite, and 
spinel. The modal abundance of amphiboles is the lowest and that of pyroxenes the 
highest as compared with the other zones (Fig. 8 b). 
Hornblende is euhedral–subhedral and 500 μm to 1.5 mm in size. Orthopyroxene is 
euhedral–subhedral and 100 μm to 1 mm in size. Alignment of hornblende defines the 
schistosity and lineation. Apatite is elongate with lengths of 20–50 μm and widths of 5–
30 μm.  
Ilmenite is a minor phase and 100–300 μm in size. Anorthite is replaced by zoisite 
and muscovite symplectites (Fig. 9 e) that are 50–130 μm in size. Clinopyroxene is 
partly replaced by actinolite (Fig. 9 g). Only anorthite-rich plagioclase (Xan > 0.98) is 
present in the host rock (Fig. 10 a). 
 
2.4.2.2 Actinolite–orthopyroxene zone 
The mineral mode of amphibole, including hornblende (71.9 vol.%) and actinolite 
(5.1 vol.%), increases in the actinolite–orthopyroxene zone as compared with the host 
rock. The orthopyroxene mode is lower (18.9 vol.%), and minor amounts of ilmenite 
(2.3 vol.%), apatite (0.5 vol.%), and spinel (0.5 vol.%) were observed in the actinolite–
orthopyroxene zone (Fig. 4 b). 
Hornblende is euhedral–subhedral and 500 μm to 1.5 mm in size. Actinolite is 
subhedral–anhedral and 20–100 μm in size. Orthopyroxene is euhedral–subhedral and 
50–100 μm in size. Apatite is acicular with lengths of 20–50 μm and widths of 5–30 
μm. Ilmenite is 100–400 μm in size. Pseudomorphic textures of orthopyroxene partly 
replaced by cummingtonite are present (Fig. 9a).  
Anorthite, zoisite, and muscovite symplectites further reacted with surrounding 
hornblende, and are surrounded by tschermakite–spinel symplectites (Fig. 9 f), which 




2.4.2.3 Actinolite–cummingtonite zone 
The actinolite–cummingtonite zone is fine-grained as compared with the other 
zones (Fig. 6 c). The total amphibole mode is highest in this zone (>88.4 vol.%), and 
includes hornblende (57.3 vol.%), cummingtonite (19.7 vol.%), and actinolite (11.4 
vol.%). Minor amounts of stilpnomelane (3.2 vol.%), orthopyroxene (4.7 vol.%), 
ilmenite (1.1 vol.%), apatite (0.6 vol.%), and spinel (0.02 vol.%) are present in this zone 
(Fig. 8 b). 
Hornblende is euhedral–subhedral and 500 μm to 1 mm in size. Actinolite is 
subhedral and 400–800 μm in size. Orthopyroxene is almost entirely decomposed, 
subhedral, and 50–150 μm in size. Cummingtonite occur along the grain boundaries 
between hornblende and decomposed orthopyroxene (Fig. 13 c and d). Elongated 
cummingtonite and/or fibrous stilpnomelane occur in the centre of fractures (Fig. 6 b 
and c; Fig. 9 i and j), are elongate along the fracture orientation or show epitaxial 
growth on hornblende grains adjacent to the fracture, and are 50 μm to 1 mm in size. 
Apatite is 20–40 μm in width and 5–30 μm in length. Ilmenite and magnetite are 50–
500 μm in size (Fig. 6 b, c). 
The actinolite content decreases with increasing distance from the actinolite–
cummingtonite zone to the host rock. In contrast to actinolite, orthopyroxene and 
clinopyroxene contents increase with distance from the actinolite–cummingtonite zone 
(Fig. 8 b). In addition, stilpnomelane, magnetite, and brucite–serpentine are only 
observed in the actinolite–cummingtonite zone. 
 
2.4.2.4 Microfractures 
Small-scale microfractures are observed locally in the reaction zones ± host rock 
(Fig. 13 a, b). They radiate from the main fracture and cut the reaction zones and 
schistosity (Fig. 13 a). Hornblende grains are partly altered to actinolite along the 
microfractures (Fig. 13 b). The width of actinolite alteration (<30 µm) is dependent on 
the distance from the main fracture: microfractures near the main fracture typically have 
a wider hydration reaction zone (Fig. 13 a) than those in the reaction zones, which show 
little hydration (Fig. 13 b). The lengths of the microfractures vary from ∼1.0 to 3.5 mm. 
 
2.4.2.5 Mineral chemistry of opx-hbl schist 
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Amphiboles show large variations in Si contents from 6.3 to 6.7 a.p.f.u. in the host 
rock and 6.3 to 7.9 a.p.f.u. in the reaction zones, with the type of amphibole varying 
from actinolite to tschermakite (Fig. 10 d, e). The most common amphibole is 
hornblende. Na contents in the B site are 0.8–1.2 a.p.f.u. in the host rocks and 0.01–1.5 
a.p.f.u. in the reaction zones (Fig. 10 e). Si contents in zoned actinolite grains vary by 
up to 0.2 a.p.f.u. (Fig. 10 e). Cummingtonite is also present in the reaction zones, and 
has Si contents of 7.3–7.5 a.p.f.u. and XMg of 0.72–0.73. 
XMg values of orthopyroxene vary from 0.69–0.72. Clinopyroxene has higher XMg 
(0.79–0.86). 
Apatite is main host of Cl and F, and ubiquitous in the reaction zones and host 
rocks. Cl contents increase from 0.1 wt.% in the host rock to 1.66 wt.% in the 
actinolite–cummingtonite zone (Fig. 12 b). Apatite F contents decrease from the host 
rock to the actinolite–cummingtonite zone (2.30–0.25 wt.%). All the analysed profiles 
have almost constant apatite Cl concentrations at x < 2–3 mm from centre of the 
actinolite–cummingtonite zone, which decrease abruptly at x = 2–6 mm (Fig. 12 a, b). 
Apatite Cl contents are almost constant (~1 wt.%) in areas close to the microfractures, 
regardless of the distance from the main fracture, and are similar to those in the 
actinolite–cummingtonite zone. No significant compositional zoning was observed for 
Cl and F concentrations within single apatite grains (Fig. 14). 
 
2.4.3 Opx-hbl gneiss  
The opx–hbl gneiss is fine-grained with a schistose structure. Some of the opx–hbl 
schist samples contain partial melt with small opx, pgs, bt inclusions (Fig. 6 d).  
Based on the local mineral assemblages, grain size variations, occurrence of 
minerals and replacement textures, reaction progress and trace elements profiles the 
opx–hbl gneiss samples can be divided into (Figs. 6 d and 8 c): (i) partial melt (1.5 mm 
thick); (ii) reaction zone zones (4 mm thick); and (iii) host rock. Partial melt is 
surrounded by reaction zone, which in turn gradually into the host rock.  
2.4.3.1 Host rock  
The opx–hbl gneiss host rock consist mainly of plagioclase (52.4 vol.%), 
clinopyroxene (15.0 vol.%), orthopyroxene (6.6 vol.%), and pargasite (19.9 vol.%) with 
minor amounts of biotite (1.0 vol.%), quartz (2.5 vol.%), apatite (0.4 vol.%), ilmenite 
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(0.5 vol.%), magnetite (1.8 vol.%). The modal abundance of amphiboles is the lowest 
and that of pyroxenes the highest as compared with the other zones (Fig. 8 c).  
Plagioclase is subhedral, 100 μm to 500 μm in size, orthopyroxene and 
clinopyroxene are euhedral to subhedral and 100–2 mm in size. Alignment of 
orthopyroxene and clinopyroxene defines the gneissosity within the host rock, which 
are obliquely cut by the reaction zones (Fig. 6 c). Pargasite is subhedral to anhedral, 
100–500 μm in size.  
Biotite is minor phase, 50–100 μm in size. Quartz is euhedral, mostly surrounds 
orthopyroxene and clinopyroxene, 20–100 μm in size. Apatite is subhedral, 20–100 μm 
in size. Ilmenite and magnetite are 50–100 μm in size.  
 
2.4.3.2 Partial melt  
The partial melt consists dominantly of plagioclase (67.3 vol.%) and quartz (20.5 
vol.%), with minor amount of orthopyroxene (62.9 vol.%), pargasite (9.1 vol.%), biotite 
(1.0 vol.%), apatite (0.1 vol.%).    
Plagioclase within the partial melt is subhedral to anhedral, 200 μm to 3 mm in 
size, quartz is subhedral to anhedral and 100 μm to 3 mm in size. Orthopyroxene is 
anhedral, 100–500 μm in size. Accessory minerals are mostly decomposed (fully 
reacted) in the partial melt. Pargasite is subhedral to anhedral, 100–500 μm in size. 
Biotite is anhedral, 50–400 μm in size. Apatite is present as minor mineral and are 20–
100 μm in size. 
 
2.4.3.3 Reaction zone  
The opx–hbl gneiss reaction zone consists mainly of pargasite (62.9 vol.%), 
plagioclase (24.0 vol.%), with minor amount of orthopyroxene (1.0 vol.%), biotite (2.8 
vol.%), quartz (7.4), apatite (0.1 vol.%), ilmenite (0.2 vol.%), magnetite (0.1 vol.%). 
The modal abundance of amphiboles is the highest as compared with the other zones 
(Fig. 8 c)  
 
Pargasite is subhedral, 50 μm to 500 μm in size Plagioclase is subhedral to 
anhedral, 30 μm to 500 μm in size, orthopyroxene is subhedral and 50–500 μm in size. 
Biotite is present as minor phase, 10–100 μm in size. Quartz is subhedral, 50–400 μm in 
size. Apatite is subhedral and 20–50 μm in size. Ilmenite and magnetite are anhedral, 
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20–80 μm in size.  
2.4.3.4 Mineral chemistry of opx-hbl gneiss 
Amphiboles show variations in Si contents from 6.2 to 6.3 a.p.f.u. in the host rock 
and 6.1 to 6.4 a.p.f.u. in the reaction zones, with the type of amphibole varying from 
cummingtonite to pargasite (Fig. 11). The most common amphibole is pargasite. This 
type of amphibole can incorporate significant amount of chlorine. Na contents in the B 
site are almost same, 0.04 a.p.f.u. in the host rocks and 0.02–0.05 a.p.f.u. in the reaction 
zones (Fig. 11). Al content in pargasite varies 2.06–2.43 in reaction zone, and 2.09–2.16 
in host rock. Most grains in reaction zone have Mg–rich cores, in the host rock no 
compositional zonings have observed. Pargasite is one of the main host of Cl, and 
ubiquitous in the reaction zones and host rocks. Cl contents increase from 0.27 wt.% in 
the host rock to 1.63 wt.% in the reaction zone (Fig. 12 c). Biotite XMg values vary from 
0.49–0.67. Cl contents vary 0.27 wt.% in the host rock to 1.08 wt.% in the reaction 
zone. Highest content corresponds to the reaction zone.  
XMg values of orthopyroxene vary from 0.53–0.55. Clinopyroxene has higher XMg 
(0.66–0.67). Some clinopyroxene grains in the host rock have Mg–rich rim compare to 
the core. 
Apatite is ubiquitous in the reaction zones and host rocks and contains Cl and F. Cl 
contents increase from 0.1 wt.% in the host rock to 0.64 wt.% in the reaction zone (Fig. 
12 c). Apatite F contents decrease from the host rock to the reaction zone (4.29–2.11 
wt.%). No significant compositional zoning was observed for Cl and F concentrations 
within single apatite grains. 
 
Fig. 14 Backscattered electron images showing absence of zoning in the apatite 
grains in the (a) reaction zone and (b) host rock.  
47 
 
2.5 P–T conditions of fluid infiltration 
The P–T conditions of the reaction zones, host rocks and partial melt were 
determined using geothermobarometry. All samples represent unit C of SW terrane. The 
host mafic granulite yielded a temperature of 850 ± 50°C from two-pyroxene 
thermometry (Lindsley, 1983). The reaction zones in the mafic granulite yielded P–T 
conditions of 0.55 ± 0.05 GPa and 620 ± 60°C from Al-in-hornblende geobarometry 
(Anderson and Smith, 1995) and hornblende–plagioclase geothermometry (Holland and 
Blundy, 1994). 
For the opx–hbl schist, the temperature of the actinolite–cummingtonite zone was 
estimated to be ~450°C from the magnetite–ilmenite thermometer (Powell and Powell, 
1977; Lepage, 2003).  
For the opx–hbl gneiss, the temperature of host rock was estimated to be 760-
870 °C from two-pyroxene thermometry (Lindsley, 1983). The reaction zones yielded 
P–T conditions of 0.54 – 0.62 GPa and 720-740 °C from Al-in-hornblende 
geobarometry (Anderson and Smith, 1995) and hornblende–plagioclase 
geothermometry (Holland and Blundy, 1994). Based on these results, the P–T 
conditions of fluid infiltration are constrained as 0.54 – 0.62 GPa and 720-760 °C in the 
opx–hbl gneiss, 0.55 ± 0.05 GPa and 620 ± 60°C in the mafic granulite, and ~450°C in 
the opx–hbl schist (Fig. 15). 
The SW terrane metapelite sample of unit D from Mefjell recorded a nearly 
isothermal P–T path from 0.41 GPa and 500°C to a peak P–T condition of 0.56 GPa and 
700 °C, followed by retrogression (0.42 GPa, 620°C) at ca. 700–540 Ma (Tsubokawa et 
al., 2017). By contrast, the unit-C part of SW terrane yielded a counter-clockwise P–T 
path for granulite-facies rocks (e.g., Adachi et al., 2013; Baba et al., 2012). The pre-
collision stage had P–T conditions of 0.6–0.7 GPa and 800–900°C (e.g., Adachi et al., 
2013; Baba et al., 2012), which was followed by peak metamorphism at 0.8–0.9 GPa 
and 800–900°C (e.g., Adachi et al., 2013; Baba et al., 2012) at ca. 630–620 Ma. The P–
T conditions of the host mafic granulite (>0.5 GPa; 800–900 °C) and host opx–hbl 
gneiss (>0.5 GPa; 760–870 °C) correspond to pre-collision stage or the peak 
metamorphic conditions of unit C. The hydrous reaction zones in the opx–hbl gneiss 
(0.54 – 0.62 GPa and 720-740 °C) was formed during compression followed by peak 
metamorphic stage. Reaction zone in the mafic granulite formed due to fluid infiltration 
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during decompression and cooling, which was followed by further cooling to ~400°C at 
ca. 590–530 Ma (Osanai et al., 2013).Therefore, the P–T conditions of reaction zone 
formation in the opx–hbl schist (~450°C) correspond to the last stage of metamorphism 
of unit C.  
 
Fig. 15 P–T conditions of unit C in the southwestern (SW) terrane. Estimated P–T 
conditions are shown in pink for the mafic granulite, green for the opx–hbl schist, and 
purple for the opx–hbl gneiss. Metamorphic paths are shown by the grey fields and 
arrow, and extend from the pre-subduction to final metamorphic stage (taken from 




2.6 Mass transfer during fluid infiltration 
Clear differences in chemistry between the host rocks and reaction zones are 
observed for several elements, such as Al, K, and H2O (Fig. 16 a, b, Fig 17). For 
example, in the mafic granulite, H2O, K2O, and to a lesser extent FeO are enriched in 
the reaction zones as compared with the host rock, whereas Al2O3 and Na2O are 
depleted in the reaction zones. The Al and Na variations can be explained by removal of 
Al2O3 and Na2O from the reaction zones, whereas H2O and K2O have been added to the 










Fig. 16 Elemental profiles from the centre of the reaction zones into the (a) mafic 
granulite and (b) opx–hbl schist. The red solid lines are the average element contents 
calculated for the host rocks and the dotted lines are the averages for each reaction zone. 







Fig. 17 Elemental profiles from the partial melt into the opx–hbl gneiss. The red solid 
lines are the average element contents calculated for the host rocks and the dotted lines 
are the averages for each reaction zone. Pink and blue areas indicate element addition 
and removal during hydration reactions, respectively. 
 
In the opx–hbl schist, SiO2, MgO, and H2O are slightly enriched in the actinolite–
cummingtonite zone, whereas K2O and Al2O3 are depleted in the actinolite–
cummingtonite and actinolite–orthopyroxene zones. CaO is slightly depleted in the 
actinolite–cummingtonite zone (Fig. 16 b). These results reveal that H2O was added 
from outside the system into the actinolite–cummingtonite and actinolite–orthopyroxene 
zones. K2O, CaO, and Al2O3 were removed from the actinolite–cummingtonite and 
actinolite–orthopyroxene zones (Fig. 16 b). 
In the opx–hbl gneiss, in the partial melt SiO2, Al2O3, and Na2O are enriched, 
whereas FeO, MgO, CaO, K2O, and H2O are depleted. FeO, MgO, H2O, and to a lesser 
extent K2O are enriched in the reaction zones as compared with the host rock, whereas 
Al2O3 and Na2O are depleted in the reaction zones (Fig. 17). The Al and Na variations 
can be explained by removal of Al2O3 and Na2O from the reaction zones, whereas H2O 
and K2O have been added to the reaction zone by fluid infiltration (Fig. 17).  
Mass transfer in the mafic granulite, opx–hbl schist and opx–hbl gneiss was 
different during fluid infiltration: Al2O3 and Na2O were removed and K2O was added in 
the mafic granulite and opx–hbl gneiss, and K2O and CaO were removed in the opx–hbl 




2.7 Reactions during fluid infiltration 
2.7.1 Mafic granulite 
Decomposition of pyroxenes in the reaction zones is clearly evident from changing 
modal ratios of opx + cpx/opx + cpx + hornblende (Fig. 18 a). From microtextural 
observations (Fig. 9 a, b) and modal mineralogy variations (Fig. 8 a), the following 
decomposition reactions for clinopyroxene and orthopyroxene are inferred: 
(1) Breakdown of orthopyroxene and plagioclase to cummingtonite, biotite, and 
quartz (Fig. 9 a), which was associated with K+ input from fluid (Fig. 16 a) and/or 
breakdown of K-fs:  
Opx + Pl + H2O + K
+
 ± K-fs → Cum + Bt + Qtz + Ca
2+ + Na+ (Rx. 1) 
(2) Breakdown of clinopyroxene to hornblende and biotite, which was also 
associated with K+ input from the fluid and/or breakdown of K-feldspar (Fig. 16 a): 
Cpx + K+ ± K-fs + H2O → Hbl + Bt ± H
+   (Rx.2) 
(3) As there is no Ca depletion at the reaction zone compared to the host rock (Fig. 
16 a), Ca2+ produced by Rx. 1 was consumed for forming Ca-rich plagioclase (Xan > 
0.35) (Fig. 16 a). A final reaction: 
Opx + Cpx + Pl (Ca-poor) + K-fs + K+ + H2O  
→ Hbl + Cum + Bt + Qtz + Pl (Ca-rich) + Na+ + H+  (Rx. 3) 
The extent of these reactions (Fig. 18 a), the mass transport of K2O, Na2O and H2O 
(Fig. 16 a) and Cl profile in apatite (Fig. 12 a) all coincide with the distance of x = 0–
1mm. This suggests that the fluid infiltration, mass transport of K, Na, Cl and H2O, and 






Fig. 18 Pyroxene and amphibole modal variations in the (a) mafic granulite, (b) 




2.7.2 Opx–hbl schist 
In the opx–hbl schist, anorthite–muscovite–zoisite replacement textures are 
common in the host rock (Fig. 9 e) and may record the primary hydration stage: 
An + K+ + H2O → Zo + Mus + H
+    (Rx. 4) 
From the host rock to the actinolite–cummingtonite zone, the modal content of 
pyroxenes decreases and those of hornblende, actinolite and cummingtonite increase 
(Fig. 18 b). In addition, actinolite occurs between clinopyroxene and hornblende and 
cummingtonite forms rims around orthopyroxene (Fig. 9 g, h). These modal changes 
and textures suggest later infiltration of H2O from the fracture caused breakdown of 
pyroxenes via the two following reactions: 
Cpx + H2O → Act       (Rx. 5) 
Opx + H2O → Cum             (Rx. 6) 
The formation of spinel–tschermakite symplectites around anorthite–zoisite–
muscovite (Fig. 5e, f) was associated with removal of K (Fig. 16 b). Formation of 
symplectites in the actinolite–orthopyroxene zone occurred as follows: 
Zo + Mus + Hbl + H+→ Spl + Tsch + K+    (Rx. 7) 
The Rx. 5 reaction occur at x ~ 3 mm, and Rx. 6–7 reactions occur from x = 3 mm 
and complete at x = 1.3 mm (Fig. 18 b). The transport distance of Al, Mg K, H2O and Cl 
(~3 mm) and Ca (~1.3 mm) coincide with these reactions (Fig. 16 b and 18 b). These 
observations show that hydration reactions, apatite replacement reactions, mass transfer, 




2.7.3 Opx–hbl gneiss  
In the opx–hbl gneiss, decomposition of pyroxenes in the reaction zones is common 
(Fig. 9 e). Replacement textures observed in the reaction zone (Fig. 9 a, b) and modal 
ratios variations opx + cpx/opx + cpx + pargasite (Fig. 18 c) are showing the evidences 
for the hydration process. From these observations, fluid infiltration derived from the 
nearby melt and/or from the fracture caused breakdown of pyroxenes and amphibole 
formation as result of the hydration reaction. 
From the host rock to reaction zone, the modal content of pyroxenes decreases and 
the modal content of pargasite is increase (Fig. 8 c). In addition, some cummingtonite 
was observed in the reaction zone, and pargasite often occurs around clinopyroxene 
grains, forming rims around it (Fig. 9 g, h). These modal changes and textures suggest 
infiltration of H2O caused breakdown of pyroxenes via the two following reactions: 
Cpx + H2O → Prg      (Rx. 8) 





2.8 Conclusion  
In this chapter, I describe hydration processes in the partly hydrated mafic 
granulite, opx–hbl schist, and opx–hbl gneiss from SRM, East Antarctica.  Based on 
petrological and microtextural observations samples were divided into the host rock, 
reaction zones, ± partial melt for the opx–hbl gneiss. Existence of Cl-bearing aqueous 
fluids previously described in the study area. 
I estimated P-T conditions for each sample using geothermobarometry (two-
pyroxene thermometry, Al-in-hornblende geobarometry, hornblende–plagioclase 
geothermometry). Fluid infiltration conditions are constrained as 0.54 – 0.62 GPa and 
720-760 °C in the opx–hbl gneiss, 0.55 ± 0.05 GPa and 620 ± 60°C in the mafic 
granulite, and ~450°C in the opx–hbl schist.  
Next, elemental distribution and mineral modes variations was analised. Each 
sample shows tendency to increase hydrous minerals modes moving from the host rock 
to the reaction zone, while pyroxenes and plagioclase modes are highest in the host 
rock. Clear differences in elemental distribution for several elements, such as Al, K, and 
H2O between the host rocks and reaction zones are observed. Elemental transfer with 
fluid infiltration in the mafic granulite, opx–hbl schist and opx–hbl gneiss was different: 
Al2O3 and Na2O were removed and K2O was added in the mafic granulite and opx–hbl 
gneiss, and K2O and CaO were removed in the opx–hbl schist. Cl concentration in 
apatite and pargasite individual grains was measured and distribution profiles for the 
reaction zones were constrained. Significant difference between host rocks and reaction 
zones was observed. Cl concentration gradually decrease from the center of reaction 
zones to the host rock.   
 Reaction texters observed in the hydrous reaction zones, modal variation between 
pyroxene and amphibole and elemental transfer provide information about hydration 
reactions. Pyroxenes decomposition by Cl-bearing fluids infiltration reaction is common 











3. Timescales of fluid infiltration  
3.1 Introduction 
 
The timescales of fluid infiltration are essential to understanding the physical 
properties of fast and transient geological processes. The timescales of fluid-rock 
interactions remain largely unknown, fluid–rock interactions probably occur on 
timescales ranging from millions of years for metamorphic devolatilization reactions 
(e.g., Ague and Baxter, 2007; Pollington and Baxter, 2010), to tens to hundreds of years 
for single vein (Beinlich et al., 2020). (John et al., 2012; Taetz et al., 2018; Saishu et al., 
2017 ) and 1–5 yr (Ujiie et al., 2018). 
Further, distinguishing single short fluids infiltration from multiple fluid 
infiltrations remains challenging. Thus, to constrain duration of single fluid–rock 
interaction, reliable tool clarify times of fluid infiltration and mass transport mechanism 
should be applied.  
In this chapter, to quantify single fluid–rock interaction duration, I applied a 
reactive transport model based on the diffusion–advection equation with local 
equilibrium (e.g., Baumgartner and Rumble, 1988; Bickle and McKenzie, 1987; John et 
al., 2012; Philpotts and Ague, 2009) to the observed trace elements profiles in the 
reaction zones. Dominant mass transport mechanism was decided, and duration of fluid 
infiltration was calculated. Results suggest rapid infiltration of Cl-bearing fluids 
(~hours).  
Clear mineralogical and chemical changes are observed in the fluid–rock reaction 
zones, which were subjected to reactive transport modelling to constrain the duration of 
fluid infiltration, dominant mass transport mechanism, fluid pressure gradient, and 





3.2 Reactive transport modelling of Cl in apatite 
 
A reactive transport model based on the diffusion–advection equation with local 
equilibrium (e.g., Baumgartner and Rumble, 1988; Bickle and McKenzie, 1987; John et 
al., 2012; Philpotts and Ague, 2009) was applied to the observed tracers profiles such as 
Cl in individual apatite grains in the Mefjell samples. In addition, Sr, La, Ce, Nd in the 
opx–hbl schist samples were analysed. To analyse opx–hbl gneiss samples Cl profiles 
measured in apatite and pargasite grains were used (Fig. 12). Apatite was chosen for the 
Mefjell samples modelling because it is main host of Cl. Since the concentration of Cl 
in amphibole and biotite is minor (Table 3), I assume that Cl profiles are mainly 
controlled by the partition between fluid and apatite, and not by other minerals. As the 
mode of apatite along reaction zones is relatively constant (Fig. 8), I assume constant 
fluid/rock partition coefficients along the profile. Lack of chemical zoning in apatite for 
Cl and F is consistent that local chemical equilibrium had been achieved during 
partitioning of these elements between fluid and apatite. However, in case of opx–hbl 
gneiss Cl is incorporated mostly into pargasite and apatite (Table 3). Since partitioning 
between fluid and minerals is not proportional among apatite and pargasite, I applied 
cumulative partitioning coefficient. I calculated Cl cumulative partitioning coefficient 
considering changes in the modes and describe the procedure further.   
The following equation accounts for chemical reactions with the assumption of 
local equilibrium, and describes the element concentration in minerals as a function of 









                                                                  (𝐸𝑞. 1) 
where Cs is the concentration of chemical species s, t (s) is time, Kv ([mol/cm
3 in 
fluid] / [mol/cm3 in rock]) is the equilibrium fluid/solid partition coefficient by volume, 
Vx (m/s) is the average fluid velocity of infiltration, φ is the porosity under crustal 
conditions (2 × 10−4 to 2 × 10−5 at 300–500 MPa; Saito et al., 2016), x (m) is the 
distance from the fracture, De (m
2/s) is the effective diffusion coefficient defined as De 
= τφDi0, τ is the tortuosity factor, and D
i
0 is the aqueous tracer diffusion coefficient from 
Oelkers and Helgeson (1988). τ was assumed to be 0.3–0.7, which is the typical range 
for metamorphic rocks (Ague and Rudnick, 2003; Bear, 1988). Given the length and 
width scale of the flow path considered in this study (mm-scale) is within one order of 
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magnitude of the grain scale (~100 µm), and is not large enough for significant 
mechanical dispersion (e.g., Bijeljic et al., 2004; Neuman, 1995), I assumed that 
mechanical dispersion was minor in the observed profiles. 
 
As the concentration of trace elements in apatite or pargasite is not variable at the 
fracture (x = 0) I assume that concentration of fluid in the fracture was constant during 
the fluid infiltration. Assuming the constant boundary condition, the analytical solution 
















𝑥 +  𝐾𝑣𝑉𝑥𝜑𝑡
2√𝐾𝑣𝐷𝑒𝑡
])                                        (𝐸𝑞. 2) 
where cs
B is the boundary fluid concentration at x = 0, cs
o is the initial fluid 
concentration at x >0 and t = 0, 𝑐𝑠
𝑥,𝑡 is the concentration of s at position x and time t, 
and erfc is the complimentary error function erfc(y) = 1 – erf(y). Using the above 
equation, parameter fitting was conducted with four unknown parameters: Cs
o and Cs
B 
to specify boundary conditions, and a and d to specify the mass transport distance for 
advection and diffusion, respectively, where a = KvVxφt and d = √𝐾𝑣𝐷𝑒𝑡. 
Geometrically, a represents the distance from the boundary to the centre of the slope of 
the Cl profile, and d represents the “width” of the slope in which trace elements profile 
gradually decreases. Cs
o and Cs
B correspond to the heights of the profile at both ends. 
The standard deviation of the fitting parameters was estimated by the trust region 
method (e.g., Moré and Sorensen, 1983). 
The self-diffusion coefficients in aqueous fluids (𝐷𝑖
0) were taken from the 
calibrated theoretical model of Oelkers and Helgeson (1988) (up to 1000°C and 0.5 
GPa) for the calculated P–T conditions. For the mafic granulite and opx–hbl schist, I 
used Cl self-diffusion coefficients of 40.0 ± 4.9 × 10–9 m2/s (620 ± 60°C and 0.50 ± 0.05 
GPa) and 33.3 ± 5.5 × 10–9 m2/s (450 ± 50°C and 0.30 ± 0.05 GPa), respectively. For 
the Sr self-diffusion coefficients in the opx–hbl schist, I applied 18.4 ± 2.4 × 10–9 m2/s 
(450 ± 50°C and 0.30 ± 0.05 GPa). For the opx–hbl gneiss, I used Cl self-diffusion 
coefficients of 46.1 × 10–9 m2/s (730 ± 10°C and 0.58 ± 0.04 GPa).  
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The apatite/fluid partition coefficient for Cl (Kd = 2.3) was taken from Kusebauch 
et al. (2015), which was determined at crustal conditions (400–700°C and 0.2 GPa) in 
an experimental study. As P–T dependencies of the partition coefficient were not 
resolvable from the experimental data, I assumed a constant value of Kd for both the 
mafic granulite and opx–hbl schist reaction zones. The uncertainty of Kd was estimated 
as being within one order of magnitude, based on its variation in the apatite–fluid–melt 
system in the pressure range of 50–200 MPa (Doherty et al., 2014; Webster et al., 2017, 
2009). The fluid/rock partition coefficients (Kv) were calculated from Kd values as 
𝐾𝑣 =
𝜌𝑓   
 𝜌𝑠𝐾𝑑𝑀𝑎𝑝
, where ρf is the fluid density, ρs is the rock density, and Map is the apatite 
mode (1.1 vol.% for the mafic granulite and 0.8 vol.% for the opx–hbl schist). Kv values 
of 11.0 (3.5–34.9) and 15.3 (4.8–48.2) were calculated for the mafic granulite and opx–
hbl schist, respectively (Table 6). 
In case of opx–hbl gneiss, cumulative Cl partition coefficient was calculated as 
 𝐾𝑣 =





𝑀𝑝𝑟𝑔   
, where ρf is the fluid density, ρap and ρap are 
apatite and pargasite density, and Map is the apatite mode and Mprg is the pargasite mode 
(Fig. 19). Kd
 ap/f is apatite/fluid apatite/fluid partition coefficient for Cl (Kd = 2.3) from 
Kusebauch et al. (2015), Kd
 prg/f is pargasite/fluid partition coefficient for Cl (Kd = 0.045) 




 Fig. 19 Apatite and pargasite modes variation with distance in the opx–hbl gneiss 






Kv average value of 14.2 (4.5–44.9) were calculated and used for further 
calculations, respectively (Table 5). 
 
The Péclet number (Pe) was calculated from a and d as follows (e.g., Lasaga, 1998; 







                                                                                                         (𝐸𝑞. 3) 
where L (m) is the characteristic length of the reaction zone. Based on the obtained 
a and d values, the timescale of fluid infiltration (t) and average fluid velocity (Vx) were 
estimated from published Kv and De values (Table 5). 
For the mafic granulite, the initial and boundary conditions in apatite were fitted as 
Cs
B = 0.32 ± 0.02 wt.% and Cs
o = 0.10 ± 0.02 wt.% for Cl, respectively, for a profile 
length (L) of 12 mm. The parameters a (mm) and d (mm), which represent length-scale 
of advection, diffusion, and mechanical dispersion, yielded values of 3.51 ± 0.33 mm 
and 0.63 ± 0.21 mm. Pe was calculated to be 107 ± 73. Although the Cl concentration 
data are scattered, the model may explain the general trend of the data (Fig. 20). 
For the opx–hbl schist profile, the initial and boundary conditions were defined as 
Cs
B = 0.2–1.6 wt.% and Cs
o = 0.03–0.30 wt.%, respectively, for a profile length of 4–6 
mm. This yielded a = 2.75–4.04 mm and d = 0.27–0.91 mm. Pe varies from 22 to 149 
for the three analysed samples.  
For the opx–hbl gneiss profile, the initial and boundary conditions were defined as 
Cs
B = 1.47 ± 0.05 wt.% and Cs
o = 0.27 ± 0.14 wt.%, respectively, for a profile length of 
4 mm. This yielded a = 1.93 ± 0.23 mm and d = 0.93 ± 0.31 mm. Pe was calculated to 
be 9 ± 6. 
The Cl concentration profiles are well explained by the model, suggesting 
advective transport was dominant for all samples, with diffusive transport occurring at 
the reaction front (Fig. 20). Based on these results, the timescales of fluid infiltration are 
constrained to be ~8 h for the mafic granulite, ~1–14 h for the opx–hbl schist, and ~12 h 







Fig. 20 Chlorine profiles in apatite from the (a) mafic granulite, (b) opx–hbl schist and in 
pargasite (b) opx–hbl gneiss. The black lines are modelled fits by reactive transport 






3.3 Mechanisms and timescales of apatite equilibration with Cl-bearing fluids 
 Based on existing models of apatite replacement, there are two possible mechanisms 
for Cl incorporation into apatite: (a) F–Cl–OH exchange by intracrystalline diffusion or 
(b) replacement of fluorapatite by Cl-bearing hydroxyl-fluorapatite via a dissolution–
precipitation mechanism as a result of fluid-induced reactions. However, in the case of 
F–Cl–OH exchange by intracrystalline diffusion, the diffusion coefficient is too low to 
lead to Cl transport on such short timescales. The F–Cl–OH diffusion coefficient varies 
from 10−17 m2/s (700℃ and 1 GPa) to 10−19 m2/s (700°C and 1 atm), and is lower at lower 
temperatures (Cherniak, 2010). These diffusion coefficients are several orders smaller 
than the effective diffusion coefficients of the matrix (De = τφD0 ~ 10
−12 m2/s), and cannot 
result in complete homogenization of the chemistry of the apatite grains (~5–30 µm) 
within the timescales of diffusion in the matrix on a mm-scale. 
Interface-coupled dissolution–precipitation is another possible mechanism that can 
explain the Cl incorporation into apatite (Kusebauch et al., 2015; Pedrosa et al., 2016). 
Experimental studies at temperatures close to those of the reaction zones of this study 
(450–620°C) suggest possible short timescales for replacement: apatite replacement is 
observed over a distance of ~100 µm from a ~200–350-µm-sized grain at 500–600°C 
over 300–400 h, and with a 5–10 wt.% NaCl solution (Kusebauch et al., 2015). The 
smaller grains of apatite in this study (5–30 µm in width) would be replaced for a further 
shorter timescale (~tens of hours). Therefore, interface-coupled dissolution–precipitation 
of apatite grains is a plausible mechanism that can explain incorporation of Cl into apatite 
within the timescale estimated from Cl profiles across the reaction zones (i.e., tens of 
hours). 
The systematic variation of the Cl contents of apatite implies that the fluids coexisted 
with them possibly changed HCl fugacity. The fHCl/fH2O ratio calculated from the apatite 
composition and P-T conditions of reaction zones of Cl-bearing fluids (Piccoli and 
Candela, 1994) decreases with distance from the fracture (Table 3), suggesting that Cl-
bearing fluids changed its composition as it reacted with the wall-rock and Cl from the 




3.4 Assumptions of the reactive-transport model from the perspective of reaction rate 
and fluid infiltration rate 
 
The reactive-transport model adopted in this study (Eq. 2) assumes local equilibrium 
between fluid and solid. As the main Cl-bearing phase is apatite in both the mafic 
granulite and opx–hbl schist, local equilibrium between fluid and apatite is assumed. This 
assumption of local equilibrium requires that the surface reaction rate is higher than the 
transport rate (e.g., Lasaga, 1998; Philpotts and Ague, 2009). 
If the surface reaction rate is lower than the transport rate, the reaction only proceeds 
on the surface of the mineral grains, and the reaction front propagates along the grain 
boundaries, leaving partly reacted, zoned grains in the reaction zones (e.g., Jonas et al., 
2014; Nakatani and Nakamura, 2016; Pedrosa et al., 2016). However, the apatite grains 
in this study show no detectable chemical zoning (Fig. 14). This texture suggests that the 
apatite–fluid reaction rate is much higher than the Cl-bearing fluid transport rate. This 
inference is supported by the rapid apatite replacement by interface-coupled dissolution–
precipitation (e.g., Kusebauch et al., 2015). 
I suggest that the apatite–fluid surface reaction was effectively faster than the Cl and 
fluid transport, and local equilibrium was achieved during the apatite–fluid reactions. As 
such, if the Cl-bearing fluid was present on the apatite grain boundary, then the apatite–
fluid reaction is chemically recorded in the apatite grains. Therefore, the timescale 
estimated from the Cl profiles corresponds to the duration of Cl-bearing fluid activity on 





3.5 Effect of microfractures on Cl profiles and fluid transport into the wall rock 
Microfractures occur adjacent to the main fracture (Fig. 13 a, b). However, these 
microfractures are limited in spatial frequency (<1 microfracture/several mm) and were 
not the main fluid pathway. Hydration along microfractures was limited to widths of 10–
30 µm (Fig. 13 b). In contrast, the hydration reactions in the reaction zones occurred 
mainly along grain boundaries (Figs. 6 and 13 c, d). Therefore, it is suggested that the 
grain boundaries were the main fluid pathways during formation of the reaction zone. 
From these observations, advective fluid flow along grain boundaries is inferred to have 
been the main fluid infiltration mechanism, with minor and localized contributions of 
rapid advection along microfractures. Therefore, I consider that the timescale obtained 
from Cl profiles (i.e., tens of hours) corresponds to the duration of fluid activity along 
grain boundaries. This timescale is not necessarily the same as the timescale of brittle 
fracturing. Rather, the estimated timescale corresponds to the duration of fluid infiltration 
into the wall rock, which began during propagation of the main fracture and continued 




3.6 Cl incorporation into apatite and amphibole and origin of Cl-bearing fluids. 
 
To constrain fluid composition, I apply composition of apatite in the reaction 
zones and close to the boundary with the host rock and calculated fugacity ratio and 
molality from the P-T conditions.  
  The following equation describes the fugacity ratio as a function of apatite 
composition and P-T (Piccoli and Candela, 1994): 
 








𝑎𝑞  is the fugasity ratio,  𝑋𝐶𝑙𝐴𝑝
𝐴𝑝
 is the Cl content (a.p.f.u) in apatite, 
𝑋𝐻𝐴𝑝
𝐴𝑝
ρf is the H content (a.p.f.u) in apatite, and P-T is pressure and temperature estimated 
for the reaction zone. Next,  𝑚𝐶𝑙
𝑎𝑞  molality was estimated as (Piccoli and Candela, 1994): 


















Table 4 fugacity ratio and molality of Cl bearing fluids estimated for the 
apatite.  
 
 Mafic granulite Opx-hbl schist Opx-hbl gneiss 








-3.35 -3.67 -4.32 -2.77 -3.38 
mCl
aq
 7.0 0.6 0.1 59 14 
 
The fHCl/fH2O initial ratio and molality (act–opx zone for the opx-hbl schist and 
boundary between host rock and reaction zone for the opx-hbl gneiss) calculated from the 
apatite composition and P-T conditions of reaction zones of Cl-bearing fluids is lower 
compare to the ratios and molalities near the fractures. Molality variations from 0.1 to 0.6 
m for the opx-hbl schist and from 14 to 59 m for the opx-hbl gneiss suggest that apatite 
changed composition as it reacted with the Cl-bearing fluids and Cl from the fluids 




















saturation at reaction zone P-T conditions (Aranovich and Newton, 1996) and to the 
molalities of the altered oceanic crust and seawater (Reynard, 2016; Reynard et al., 2011). 
Mafic granulite (7 m) and opx–hbl schist (0.1-0.6 m) molalities are comparable to the 
seawater and altered oceanic crust, while opx–hbl gneiss (14-59 m) is possibly may be 
related to magmatic fluids (Fig.21). Hydrous fluids transported from the subduction zone 
may be the origin of Cl-bearing fluids in the mafic granulite and opx–hbl schist, and 
hydrous magmatic fluids or melt possibly the source in case of the opx–hbl gneiss.  
 
Fig. 21 Molalities of mafic granulite and opx–hbl schist (light blue arrow) and 
opx–hbl gneiss (purple arrow) compared to halite saturation (light blue line), seawater 
(dark blue line) and altered oceanic crust (green region). 
 
Mafic granulite, opx–hbl schist and opx–hbl gneiss are located close to the Sør 
Rondane Suture (Osanai et al., 2013, 1992), which is a shear zone in the SW terrane. It is 
suggested that Cl-bearing fluids possibly came from the shear zone located nearby 
(Higashino et al., 2013, 2019a; Kawakami et al., 2017) or from solidified granitic melt 
(Uno et al., 2017). Cl content measurements in the apatite in the partial melt (0.06-0.08 
wt.%) and in the reaction zone (0.13 wt.%) in the opx–hbl gneiss samples, suggest that 
partial melt is unlikely been the source of Cl-bearing fluid infiltration. This suggests that 
the Cl-bearing fluids might have migrated from the nearby solidifying granite and/or 
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In this chapter, I constrained timescales of fluid infiltration by analysing fluid mobile 
elemental profiles and applied reactive transport model with local equilibrium. First, 
dominant reactive transport mechanism was identified by the model. I described 
assumptions of the reactive-transport model from the perspective of reaction rate and fluid 
infiltration rate. For all analysing profiles advection was the dominant fluid infiltration 
mechanism, with diffusive transport occurring at the reaction front. Then, Cl partition 
coefficient for the opx–hbl gneiss was determined because Cl was incorporated into 
apatite and pargasite and modal variation could not be ignored. I recalculate Cl 
partitioning coefficient for apatite and pargasite and applied it to estimate timescales. In 
case of mafic granulite and opx–hbl schist Cl was mostly incorporated into only apatite, 
therefore partition coefficients from the literature were used. Based on these results, the 
timescales of fluid infiltration are constrained to be ~8 h for the mafic granulite, ~1–14 h 
for the opx–hbl schist, and ~12 h for the opx–hbl gneiss. This timescale corresponds to 
the duration of fluid infiltration into the wall rock, which began during propagation of the 
main fracture and continued during the formation of the reaction zone. Mechanism and 
timescales of the equilibration with cl-bearing fluids are suggested. Interface-coupled 
dissolution–precipitation of apatite grains is a plausible mechanism that can explain Cl 
incorporation of into apatite for the mafic granulite and opx–hbl schist. Timescale 
estimated from the tracers profiles corresponds to the duration of Cl-bearing fluid activity 








4. Permeability during fluid infiltration 
4.1 Introduction  
Permeability of crustal rocks is heterogeneous, exhibits large variations from 10–19 
m2 in areas of contact metamorphism (Hanson, 1995) to 10–18–10–15 m2 in geothermal–
metamorphic areas (Ingebritsen and Manning, 2010). However, recent studies suggest 
permeability evolution with time during fluid infiltration events, describing processes 
starting from fluid pressures rising and leading to increase of permeability and formation 
of fluids pathways, following by sealing and repeated decreasing of permeability 
(Nakajima and Uchida, 2018; Taetz et al., 2018). For example, seismic clustering can 
enhanced crustal permeability up to 10–15–10–14 m2 (e.g., Cox, 2016; Nakajima and 
Uchida, 2018; Okada et al., 2015). Dynamic changes in the fluid pressure and 
permeability in the middle–lower crust are important to further understanding the 
relationship between fluid infiltration and fracturing and explaining crust deformation. 
In this chapter, I describe methodology connecting fluid infiltration timescales and 
fluid pressure gradients to estimate permeability from fluid-rock reaction zones by 
reactive-transport modeling of trace element profiles. First step is to estimate fluid 
pressure gradients from water activities of reaction zones by pseudosection analysis. 
Next, I describe how to estimate permeability if fluid pressure gradients are known. 
Finally, I suggest permeability estimations for fractures and time-averaged permeability 
of fractured crust. I provide numerical estimations for the different stages of 
permeability evolution cycle and describe how short time fluid infiltration is possible in 





4.2. Permeability of the host rock 
Permeability in the reaction zones was estimated based on Darcy’s Law as follows: 






)                                                                                        (𝐸𝑞. 4) 
where κ is the permeability (m2), η is the viscosity (Pa s), Δx is the width of the 
hydration reaction zone estimated from Cl profiles (m), and 
∆𝑃
∆𝑥
 is the pressure gradient 
(Pa/m). Viscosities of aqueous fluids were derived from the pure H2O viscosity of the 
2008 IAPWS formulation (up to 1 GPa and 900°C; Huber et al., 2009). Under the 
assumed P–T conditions, the values are 1.10 ± 0.08 ×10−4 Pa·s for mafic granulite (620 
± 60°C and 0.50 ± 0.05 GPa) and 1.09 ± 0.13 ×10−4 Pa·s for opx–hbl schist (450 ± 50°C 
and 0.30 ± 0.05 GPa). Addition of solutes (i.e., SiO2; Hack and Thompson, 2011) has 
only a minor effect on aqueous fluid viscosity in the P–T ranges considered in this 
study. 
Fluid pressures between the reaction zones and host mafic granulite, between the 
actinolite–orthopyroxene zones and host opx–hbl schist, and between the reaction zone 
and host opx–hbl gneiss were calculated from the fugacity (f) and estimated H2O 




= 𝑎𝐻2𝑂 ,                                                                                                      (𝐸𝑞. 5) 
where 𝑃𝑓  is the fluid pressure, 𝑃𝑙 is the lithostatic pressure, T is the reaction zone 
temperature, and 𝑎𝐻2𝑂 is the H2O activity. To constrain the H2O activity from 
pseudosections, I used bulk rock compositions for the mafic granulite, actinolite–
orthopyroxene zone, and opx–hbl schist (Table 1; Fig. 23). For the mafic granulite, I 
constrained the H2O activity from the lower aH2O bound of amphibole stability field, 
because the reaction front of the reaction zone is characterized by the appearance of 
amphibole (Fig. 23). The calculated H2O activity is ca. 0.18 (Fig. 23). For the opx–hbl 
schist, the upper aH2O bound of orthopyroxene stability field representing the boundary 
between the actinolite–cummingtonite and actinolite–orthopyroxene zones was used, 
because orthopyroxene is almost replaced by actinolite in the actinolite–cummingtonite 
zone (Fig. 24). The calculated H2O activity is ca. 0.06 (Fig. 24 b). I also used the upper 
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aH2O bound of clinopyroxene stability field between the actinolite–orthopyroxene zone 
and host rock, because clinopyroxene is only present in the host rock (Fig. 9 g). The 
calculated H2O activity is ca. 0.03 at the pressure of interest (Fig.24 c). For the opx–hbl 
gneiss, I constrained the H2O activity from the upper aH2O bound of orthopyroxene 
stability field representing the boundary between the reaction zone and the host rock, 
because in the reaction zone orthopyroxene is almost replaced by amphibole (Fig. 8). 
The calculated H2O activity is ca. 0.32 (Fig. 25). To constrain fluid pressure gradient, I 
also used the water activity of the stable mineral assemblages of the reaction zone 
constrained for the estimated P-T conditions (Fig. 26). The calculated H2O activity is ca. 
0.79- 1.00. However, presence of Cl in the fluid in the reaction zone may influence 
activity and lowering it. For now, it is impossible to input Cl into present solution 
models, for this reason calculations may represent higher water activity compare to real 
numbers (Figs. 25, 26). 
For the opx–hbl schist, the fluid pressure gradient was calculated as the difference 
between the fluid pressure of upper aH2O bound of the orthopyroxene stability field (𝑃𝑓  
0 ) 
and that of the clinopyroxene stability field (𝑃𝑓
1), which corresponds to the estimated 
H2O activity. 
For the opx–hbl gneiss, the fluid pressure gradient was calculated as the difference 
between the fluid pressure of upper aH2O bound of the reaction zone stability field (𝑃𝑓  
1 ) 
and that of the orthopyroxene stability field (𝑃𝑓
0). 
 
The final equation for the fluid pressure gradient 
∆𝑃
∆𝑥








                                                                                                   (𝐸𝑞. 6) 
In the case of the mafic granulite, the permeability for the boundary between the 
hydrous–anhydrous zones is 8.8−6.9
+31.8  ×  10−22 m2, and in the opx–hbl schist it is 2.1 × 
10–22 to 4.0 × 10–20 m2, while in the opx–hbl gneiss it is 6.8 −5.3




Fig 22 Schematic model used for the estimation of permeabilities in the (a) reaction zones 
and (b) fractures. Pf1 and Pf2 are the fluid pressures defined by the stability of 


















Fig 24 Pseudosections (P versus log10 [aH2O]) for the (b) actinolite–cummingtonite zone in 













Table 5 Calculated permeabilities of the host rock mafic granulite, opx–hbl schist, and opx–hbl gneiss. Parameters and 1 
constants used in these calculations.  2 
  Mafic granulite   Opx–hbl schist  Opx–hbl gneiss 
Parameters  A   B B1 B2  C 
a [mm] 3.51 ± 0.33  4.04 ± 0.07 3.09 ± 0.11 2.75 ± 0.04  1.93 ± 0.23 
d [mm] 0.63 ± 0.21  0.66 ± 0.07 0.91 ± 0.13 0.27 ± 0.04  0.93 ± 0.31 
L [mm] 12  6 6 4  4 
Cb [wt.%] 0.32 ± 0.01  1.62 ± 0.02 0.24 ± 0.00 0.86 ± 0.01  1.47 ± 0.05 
C0 [wt.%] 0.10 ± 0.01  0.31 ± 0.04 0.03 ± 0.01 0.17 ± 0.02  0.27 ± 0.14 
Pe# 107 ± 73  56 ± 12 22 ± 6 149 ± 41  9 ± 6 
t [h] 7.9 −6.6
+40.5   7.4 −6.0
+33.1 14.4 −11.8
+65.2 1.3 −1.1




1.8 ± 1.4 ×10−4   1.6 ± 0.8 ×10−4 6.2 ± 3.2 ×10−5 6.2 ± 3.2 ×10−4  5.1 ± 4.0 ×10−5 
Jave [m/s]  1.1 −0.8
+3.5 × 10−8   1.0 −0.7
+2.5 × 10−8  3.9 −2.6
+9.9 × 10−9  3.9 −2.6
+9.9 × 10−8   3.3 −2.5
+9.7 × 10−9 
Pfluid0 [MPa] –   5.5±0.9 5.5±0.9 5.5±0.9  485±31 
Pfluid1 [MPa] 93±23   2.7±0.3 2.7±0.3 2.7±0.3  278±25 
∆P [MPa] 2.8±0.9   2.8±0.9 2.8±0.9 2.8±0.9  210±65 
∆x [mm]  2 ± 1   6 ± 4 6 ± 4 6 ± 4  4 ± 2 
ΔP/Δx [MPa/mm] 1.4±0.8   0.5±0.3 0.5±0.3 0.5±0.3  52.5±26.3 
k [m2]  8.8 −6.9
+31.8 × 10−22    2.3 −1.8
+7.7 × 10−21 9.1 −7.0
+30.7 × 10−22  9.2 −7.1
+30.7 × 10−21  6.8 −5.3
+23.2 × 10−24 
Constants              
D0 [m2/s] 4.0 ± 0.5 ×10−8   3.3 ± 0.6 ×10−8  4.6 ± 0.5 ×10−8 
Kv 11.0 −7.5
+24   15.3 −10.5
+32   14.2 −9.7
+30.7 
φ 6 −4
+14 × 10−5  6 −4
+14 × 10−5  6 −4
+14 × 10−5 
τ  0.5 ± 0.2   0.5 ± 0.2  0.5 ± 0.2 




4.3. Permeability of the fractures 
The surface topography of fractures is complex (Watanabe et al., 2008) and here I 
assumed that the fracture surfaces were parallel and planar. A schematic illustration of 
the fracture and reaction zone is shown in Fig. 22 b.  




                                                                                                                   (Eq. 7) 
where d (mm) is the fracture aperture. Fracture width varies from 0.30 to 0.40 mm 
for the mafic granulite, 0.15 to 0.30 mm for the opx–hbl schist, and 0.20 to 0.40 mm for 
the opx–hbl gneiss. The fracture permeability varies from ~10−9 to 10−8 m2 for all 
samples. The permeability of the microfractures in the opx–hbl schist is lower (~10−12 to 




4.4. The overall permeability of the crust 
The overall permeability of the crust is determined by the permeability of single 
fractures and the spatial frequency of such fractures per assumed cross-section. For 
example, a single fracture with a 0.1 mm aperture (d) and permeability of 10−9 m2 (kfrac) 
with spacing (s) of 100 m will give a spatially averaged crustal permeability as follows: 
𝑘𝑎𝑣𝑒 = 𝑘𝑓𝑟𝑎𝑐 (
𝑑
𝑠
) + 𝑘𝑤𝑎𝑙𝑙𝑟𝑜𝑐𝑘 (1 −
𝑑
𝑠
) = ~10−15m2. This means that the overall crustal 
permeability is ~10−15 m2 under the assumption of a 100 m fracture spacing. This 
demonstrates the importance of fractures and their networks in the crust in terms of 
permeability fluctuations. Given that fractures observed in outcrops (mm- to cm-scale 
spacing; Fig. 27) may have formed at different times, it is difficult to estimate the 
spacing of fractures that were active during a certain period of fluid activity. 
Nevertheless, a spacing of active fractures in the order of 0.1–1000 m would be a 
reasonable assumption. Irrespective of the spacing of fractures in the range of 0.1–1000 
m, the generation of fractures can significantly enhance the permeability of the local 











4.5. Time integrated fluid flux through reaction zone and fracture 
Time-integrated fluid fluxes through the reaction zone Qhyd (m) and Qcl tr (m) were 
estimated and compared to time-integrated fluid flux through the fracture Qfr (m) to 
understand how much fluids were transported by them.  
Estimation of time-integrated fluid flux requires the reaction zone volume 𝑉𝑟.𝑧 (L1 
L2 d) to be assumed, where L1 (m) is the fracture length, L2 (m) is the fracture height, and 
d (m) is the reaction zone width. The fracture length and height were based on outcrop 
photographs. I used 10–100  10–100 m for all samples (Fig. 28 a). 
The time-integrated fluid flux was estimated applying Darcy’s Law. I assumed that 
the total amount of fluid flux passing through the cross-section area in the direction 
toward the host rock parallel to the fracture. (Fig. 28 a) The time-integrated hydration 
fluid flux equivalent to the volume of fluid consumed to form reaction zones along the 
fractures. The time-integrated hydration fluid flux is estimated from the volume of the 








                                                                             (Eq. 8) 
 
where 𝑐𝐻2𝑂 (g/cm
3) is the average H2O content of the reaction zone (Fig. 28 a) 
calculated from the hydrous mineral mode, 𝜌𝐻2𝑂 is H2O density (g/cm
3), and ∆𝑡 is the 





Fig. 28 Schematic model used for the estimation of time-integrated fluid flux through 
the reaction zone (a) and through the fracture (b).  
 
Next, flux required for Cl transport was calculated as: 
𝑄𝑐𝑙 𝑡𝑟 =  Vxϕ∆𝑡                                                                                                              (Eq. 9) 
Finally, I estimated fluid flux in the direction of the fracture propagation 𝑄𝑓𝑟 (Fig. 28 
b) as: 






)                                                                                                       (Eq. 10) 
Time-integrated fluid fluxes log 𝑄ℎ𝑦𝑑 are -4.2 m for the mafic granulite, -3.8 m for 
the hbl–opx schist, and -3.3 m for the hbl–opx gneiss (Table 7). Flux required for Cl 
transport log 𝑄𝑐𝑙 𝑡𝑟 are same order compare to 𝑄ℎ𝑦𝑑, -3.5 m for the mafic granulite,  
-3.6 – -3.7 m for the hbl–opx schist, and -3.9 – -4.7 m for the hbl–opx gneiss. Time- 
integrated fluid flux through the fracture is much higher, suggesting that much amount 
of fluid was transported through the fracture, and much less was stored in the reaction 





Fig. 29 Time integrated hydration fluid flux 𝑄ℎ𝑦𝑑 and flux required for Cl 
transport 𝑄𝑐𝑙 𝑡𝑟 through the reaction zone compared to time-integrated fluid flux 






Table 6 Calculated permeabilities of fractures (kfr) and spatio-averaged 
fractured crust (kave) in the mafic granulite, opx–hbl schist, and opx–hbl 
gneiss and the parameters and constants used in these calculations. 
  Mafic granulite Opx–hbl schist  Opx–hbl gneiss 
Parameters      
δ [mm] 0.30–0.40 0.15–0.30 0.20–0.40 
s [m] 0.1–1000 0.1–1000 0.1–1000 
kfrac [m2] 7.5–13×10–9 1.9–7.5×10–9 3.3–13×10–9 
kwallrock [m2] 8.8−6.9
+31.8 × 10−22 0.2– 40 × 10−21 6.8 −5.3
+23.2 × 10−24 
kave [m2] 2.3×10–15–5.3×10–11 2.8×10–16–2.3×10–11 6.7×10–16–5.3×10–11 
 
Table 7 Calculated hydration flux (Qhyd), flux required for Cl transport (Qcl tr)  
and flux through the fracture (Qfr) in the mafic granulite, opx–hbl schist, and 
opx–hbl gneiss , and the parameters and constants used in these 
calculations. 
 
  Mafic granulite Opx–hbl schist  Opx–hbl gneiss 
Parameters      
L1 [m] 10–100 10–100 10–100 
L2 [m] 10–100 10–100 10–100 
d [mm] 2.0 4.0 4.0 
Vrz [m3] 0.2–20 0.4–40 0.4–40 
CH2O [g/cm3] 3.0×10–2 8.0×10–2 0.12 
log Qhyd [m3/m2] -4.2 -3.8 -3.3 
log Qcl tr [m3/m2] -3.5 -3.6 – -3.7 -3.9 – -4.7 





4.6 Conclusion  
In this chapter I describe how to estimate fluid pressure gradient by thermodynamic 
modeling and apply them to calculate wall rock permeability. I also provide estimations 
for the single fracture and spatially averaged crustal permeabilities for short timescales 
of fluid infiltration to explain dynamical changes and fracturing in the crust. Finally I 
estimated time-integrated fluid fluxes through the reaction zone (hydration flux Qhyd and 
flux required for Cl transport Qcl tr) and compared them to the time-integrated fluid fluxes 
through the fracture. Thermodynamic modelling and Darcy’s law are main methods 
applied. In the case of the mafic granulite, the wall rock permeability is 
8.8−6.9
+31.8  ×  10−22 m2, and in the opx–hbl schist it is 2.1 × 10–22 to 4.0 × 10–20 m2, while 
in the opx–hbl gneiss it is 6.8 −5.3
+23.2 × 10−24 m2. Permeability of the fractures is several 
orders higher, varies from ~10−9 to 10−8 m2 for all samples. I also provide overall 
permeability of the crust which was determined by the permeability of single fractures 
and the spatial frequency of such fractures per assumed cross-section resulting in 10−16–
10−10 m2. Time-integrated hydration flux and flux required for Cl transport are same order, 
much lower than time-integrated fluid flux through the fracture Qfr suggesting much more 
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5. Dynamic permeability evolution in the crust 
 
5.1 Introduction  
In this chapter I discuss relationship between trace elements transport distance, 
hydration reactions progress, and elemental mass transfer and suggest reaction zone 
formation mechanism in relation to Cl-beraing fluid infiltration. Hydration reactions 
also can be controlled by fluid pressure. I suggest that increasing Cl transport distances 
is correspond to hydration reactions and consistent with the simultaneous formation of 
Cl profiles, and transfer of major elements. Next, I describe spatiotemporal evolution of 
reaction zone formation and provide evidence to support idea that fractures were main 
pathways for fluids, and that permeability evolution from low-permeable wall rock to 
the higher permeable crust is exist in the crust. I describe fluid cycle starting from 
accumulation of fluids in the low-permeability rocks leading to an increase in fluid 
pressure (i.e., the pre-fracturing stage) and fracturing (i.e., the fracturing stage). The 
fluid flux may have been limited resulting in a short duration of fluid infiltration as 
suggested from the fluid fluxes estimations. After fracturing, the permeability increases, 
and the fluid pressure drops. Final stage is permeability decreasing due to sealing by 
mineral reactions. Previous estimates of the permeability in the middle–lower crust fall 






5.2 Formation mechanism of the hydration reaction zone 
The distances of Cl transport (Fig. 12), hydration reaction progress (Fig. 18), and 
mass transfer of major elements (Figs. 16, 17) were examined to assess the relationships 
between hydration reaction zone formation, apatite Cl profiles, and estimated 
timescales. The advective Cl transport distance is larger than the distance of hydration 
reactions and mass transfer of major elements. In the mafic granulite, the advective Cl 
transport distance is 3.5 mm (Table 5), and the distance of hydration reactions (Fig. 18) 
and mass transfer of major elements is ~1 mm (Figs. 16 and 17). In the opx–hbl schist 
sample B, the advective Cl transport distance is 4.0 mm (Table 5), and the distance of 
hydration reactions and mass transfer is ~3 mm (Figs. 18 and 16, 17). Given that Cl is 
relatively compatible in a fluid, the distance of Cl transport is almost equivalent to the 
infiltration distance of the fluid. The advancement of Cl and fluid transport distances 
from hydration reactions and mass transport distances can be explained by: (a) 
differences in transport distances between Cl and major elements; or (b) hydration 
reactions that controlled by the transport of major elements and/or fluid pressure. As Cl 
is more compatible in a fluid than are other major elements, it is likely that Cl is 
transported farther than the other major elements. As the extent of hydration reactions 
and mass transport distances of major elements are the same, it is suggested that these 
processes are coupled with each other. In this case, hydration reactions can be rate-
limited by the transport of major elements (e.g., Fukuyama et al., 2006; Lichtner et al., 
1986). In addition, hydration reactions can be controlled by fluid pressure (e.g., 
Bröcker, 1990; Jamtveit et al., 1990; Schliestedt and Matthews, 1987), as suggested by 
aH2O analyses from the pseudosection (Figs. 22, 23, 24, 25). In any case, increasing Cl 
transport distances as compared with hydration reactions is consistent with the 
simultaneous formation of Cl profiles, hydration reactions, and transfer of major 
elements (e.g., Bégué et al., 2019). 
The reaction front of opx decomposition is abrupt in both the mafic granulite and 
opx–hbl schist (Fig. 8). The abrupt and systematic change in mineral assemblage from 
the fracture to the host rock implies a high reaction rate as compared with the transport 
rate, and local equilibrium (e.g., Fukuyama et al., 2006; Lichtner et al., 1986). Such a 
high reaction rate compared with the transport rate is also predicted for low-porosity 
rocks, based on kinetic analyses of hydrothermal experiments (Oyanagi et al., 2020). 
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Although hydration reactions on timescales as short as tens of hours are relatively fast 
compared with previous hydration experiments (e.g., Yardley et al., 2014), the reaction 
rate is dependent not only on pressure and temperature, but also on fluid chemistry and 
crystal defects, and can vary significantly, over orders of magnitudes. Water–rock 
reactions on timescales as short as days to hours have been reported from hydrothermal 
experiments on the hydration of basalt, serpentinization, carbonation of peridotite, and 
hydration of periclase (e.g., Gerdemann et al., 2007; Kuleci et al., 2016; Nakatani and 
Nakamura, 2016; Passarella et al., 2017). Fluid flow can further accelerate water–rock 
reactions (e.g., Hara and Tsuchiya, 2005; Passarella et al., 2017). Based on the textural 
observations discussed above, I suggest a high reaction rate as compared with the 
transport rate and local equilibrium in the reaction zones. Therefore, I estimated local 
fluid pressure from H2O activities, and subsequently obtained the fluid pressure 





5.3 Spatiotemporal evolution of reaction zone formation 
Reactions zones in the mafic granulite are ubiquitous on an outcrop scale and 
crosscut the host rock in planar form (Fig. 5). This suggests that hydration of the mafic 
granulite (620 ± 60°C; ~0.5 ± 0.05 GPa) occurred through brittle fracturing during 
cooling from granulite-facies (850 ± 50°C) to amphibolite-facies (450±50°C; ~0.3±0.05 
GPa) conditions in the middle crust (Fig. 15). Narrow reaction zones were formed along 
fractures that were dominantly formed by advection and diffusive replacement close to 
the host rock , and involved Al2O3 and Na2O removal and K2O addition (Fig. 16 a). 
Pyroxene and feldspar were replaced by hydrous minerals such as hornblende and 
biotite (Figs. 8 and 9). 
Formation of opx–hbl schist occurred at ~700°C. Considering the stability field of 
hornblende, it is likely that hornblende formed by the decomposition of pyroxenes, and 
opx–hbl schist is possibly the hydration product of mafic granulite. Further hydration 
had occurred along fractures at amphibolite-facies condition (Fig. 15). Mass transport 
occurred mostly by advection and diffusion (Fig. 20 b). Primary host rock hydration 
involved the decomposition of anorthite and formation of muscovite and zoisite 
symplectites (Fig. 9 e). Subsequently, fluid infiltration caused decomposition of 
pyroxene, and led to the formation of actinolite and cummingtonite in the actinolite–
cummingtonite and actinolite–orthopyroxene zones. Fluid infiltration into the reaction 
zones caused K2O, CaO, and Al2O3 removal (Fig. 16 b), and the zoisite–muscovite 
symplectites reacted with surrounding hornblende to form tchermakite–spinel 
symplectite (Fig. 9 f). Stilpnomelane and brucite–serpentine in the actinolite–
cummingtonite zone formed after hydration of the host rock. The estimated temperature 
of 450°C corresponds to the last hydration events. In the last stage, at the lowest P–T 
conditions, the reaction zones in opx–hbl schist formed. 
Cross-cutting relationships among reaction zones with different hydration widths 
(Fig. 5 a) suggest episodic pulses of fluid flow with various durations of fluid 
infiltration. These pulses occurred repeatedly during hydration of the mafic granulite 
and opx–hbl schist (620°C and 0.5 GPa to 450°C and 0.3 GPa). The rise in fluid 
pressure triggered fracturing, and the fluid flowed into the main fracture and infiltrated 
the wall rock mainly along grain boundaries. The fluid infiltration in the wall rock was 
coupled to the dissolution–precipitation replacement of apatite. The timescales of fluid 
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infiltration into the wall rock are constrained to be 1–14 h, representing short pulses of 
fluid infiltration (Fig. 30). The permeability of the wall rock (reaction zones ± host 
rock) was as low as 10–24–10–20 m2 in both the mafic granulite, opx–hbl schist and opx–
hbl gneiss (Table 6). The permeability of a single fracture (10−9–10−8 m2) is more than 
ten orders of magnitude higher than that of the wall rock, and the spatially averaged 
crustal permeability may have been enhanced by several orders of magnitude (10−16 to 
10−10 m2) as compared with the intact crust (10–24  to 10–20 m2). These single fractures 





Fig. 30 Rapid fluid infiltration model in low-permeability metamorphic rocks triggered 
by crustal fracturing. Stage I is the pre-fracturing stage. Fluid pressure increases under 
lithostatic conditions with time, and permeability is constant in this stage. Stage II is the 
fracturing stage caused by an increase in fluid pressure. At the timing of fracturing, fluid 
pressure suddenly drops, and the permeability increases. Stage III is the post-fracturing 
stage and the host rock continues to react until all the fluids are removed. Permeability 




5.4. Rapid fluid infiltration in the middle–lower crust 
My results provide the first geological evidence of episodic fluid flow in the crust 
driven by fluid accumulation in nearly impermeable host rocks. The extremely short 
timescales of fluid infiltration estimated in this study relate to rapid fluid infiltration 
related to crustal fracturing. Timescales of fluid infiltration estimated for the mafic 
granulite and opx–hbl schist are extremely short (1–14 h) as compared with previous 
studies (e.g., John et al., 2012; Kleine et al., 2016; Taetz et al., 2018). For example, 
Kleine et al. (2016) described late-stage fluid flow along fractures in greenschist-facies 
quartz–mica schists from Delfini, northwest Syros, with timescales estimated to be 100–
15000 yr, possibly associated with short and fast fluid pulses. Eclogite veins in 
blueschists from the Tianshan have estimated fluid flow timescales of ca. 200 yr, which 
are suggested to relate to fluids released by dehydration in a series of short pulses from 
the subducting slab (John et al., 2012). A fluid flow duration of 1–4 months has been 
estimated for garnet–quartz–phengite veins within eclogite-facies rocks, and linked to 
pulses of high pore-fluid pressure and slip events (Taetz et al., 2018). Compared with 
these studies, my fluid flow timescales are very short. 
At a confining pressure of 0.3–0.6 GPa, fluid pressure at the onset of fracturing 
should have reached near lithostatic levels in order to cause fracturing (e.g., Fyfe, 1978; 
Manning and Ingebritsen, 1999; Cox, 2010). The permeability of the host rock 
estimated in this study is extremely low (10–24–10–20 m2) as compared with the 
permeability of the middle–lower crust (10–18 m2; Hanson, 1995; Ingebritsen and 
Manning, 2010; Williams and Narasimhan, 1989). Such low-permeability host rocks 
can accumulate fluids and reach high fluid pressures (e.g., Katayama et al., 2012). The 
permeability of the fractured crust is much higher (10–16 to 10–10 m2), which allows 
significant amounts of fluid to be transported along the fractures as compared with the 
host rocks. The short timescales (1–14 h) and high fluid pressures provide evidence of 
rapid fluid infiltration associated with fracturing, possibly related to high-fluid-pressure 
fracturing events (Fig. 30) such as earthquake clusters and slow-slip earthquakes (Fig. 
30), (Hacker et al., 2003; Katayama et al., 2012). Although earthquakes are common at 
subduction zone boundaries and active volcanoes (Becken et al., 2011; Gao and Wang, 
2017), non-volcanic earthquakes have also been detected in the crust at 30 km depths in 
southwest Japan (Obara, 2002). The duration of each earthquake is generally a few 
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minutes to a few days (Chouet, 1996; Obara, 2002). The triggering mechanism for such 
tremors is considered to be fluid over-pressure caused by fluid infiltration (Cruz-
Atienza et al., 2018; Obara, 2002) and associated upward migration of fluids into the 
overlying crust (Nakajima and Uchida, 2018).  
The mafic granulite and opx–hbl schist are surrounded by granite and diorite (Fig. 2). 
The sampling location is also close (~2 km) to the Sør Rondane Suture (Osanai et al., 
2013, 1992; Fig. 2), which is a shear zone in the SW terrane. In the SRM, Cl-bearing fluid 
infiltration is located close to tectonic boundaries and/or shear zones (Higashino et al., 
2013, 2019a; Kawakami et al., 2017). Release of Cl-bearing fluids is also related to 
granitic dyke intrusion (Uno et al., 2017). This suggests that the Cl-bearing fluids might 
have migrated from the nearby solidifying granite and/or shear zones into the mafic 
granulite and opx–hbl schist via fractures, which may have formed as a result of a short 
seismic event. Shear fractures (Fig. 5) infilled with minerals were also observed in 
outcrops (Fig. 5). The low-permeability nature of the host rock enabled the accumulation 
of fluid and increase in pressure, which subsequently caused fracturing and a rapid fluid 





5.6 Permeability fluctuations in the middle–lower crust 
Compared with the previously estimated “normal” permeability of the middle–lower 
crust (10–18 m2; Hanson, 1995; Ingebritsen and Manning, 2010; Williams and Narasimhan, 
1989), the permeability of the host rocks (10–24 to 10–20 m2) is two to four orders of 
magnitude lower. Middle–lower crustal permeability data were obtained by analysis of 
metamorphic rocks (e.g., Ingebritsen and Manning, 2002, 2010; Manning and Ingebritsen, 
1999). For example, the “geothermal–metamorphic” dataset is based on regional and 
contact metamorphic rocks from the middle–lower crust. Higher values have been 
proposed for fault zone metamorphism and metamorphism with pulses of thermal heating 
(i.e., the “high permeability” dataset; Ingebritsen and Manning, 2010). These 
permeabilities are based on the time-integrated fluid flux estimated for metamorphic rock 
samples. The time-integrated fluid flux is related to changes in chemical composition 
along an assumed flow path due to alteration reactions. To estimate the permeability, the 
time-integrated fluid flux is divided by the duration of fluid infiltration and the pressure 
gradient. These average long-term (>1 Myr) fluid fluxes are likely to have been 
influenced by multiple infiltration events. The fluid pressure gradient is also assumed to 
be the difference between the lithostatic and hydrostatic pressures, which is representative 
of spatially and temporally averaged fluid flow during metamorphism (Manning and 
Ingebritsen, 1999). Therefore, these data mostly represent an average of accumulated 
fluid flow events that are representative of long-term permeability (i.e., >1 Myr). In this 
study, I consider that the low permeability of the host rock contributed to the increase in 
fluid pressure and enabled subsequent fracturing and episodic rapid fluid flux, 
representing “instantaneous” permeability for a dynamic short-lived fluid infiltration 
event (Figs. 30, 31). 
In fact, permeabilities as low as 10–24 to 10–20 m2 have also been reported from 
experimental measurements of crustal rocks under crustal P–T conditions (Katayama et 
al., 2012; Shmonov et al., 2003). Such a low permeability for the middle–lower crust 
has also been proposed based on the decrease of permeability with increasing 
deformation (Zhang et al., 1994a, b). The calculated permeability of the fractured crust 
is consistent with those estimated from migration of hypocentres in crustal earthquake 
clusters (i.e., 10–13–10–15 m2; Nakajima and Uchida, 2018; Okada et al., 2015). It is 
possible that Myr-scale averaged permeability may represent a spatial and temporal 
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average of background permeability associated with short-term, episodic pulses of fluid 
flow that occurs on typical earthquake recurrence timescales (10–10000 yr). My 
estimated fluid flow timescales are comparable to geophysical observations (e.g., 
Nakajima and Uchida, 2018). As such, it is clear that fluid flow timescales and 
permeabilities in the middle–lower crust can be highly variable. 
Accumulation of fluids in the low-permeability rocks leads to an increase in fluid 
pressure to near lithostatic conditions (i.e., the pre-fracturing stage) and this 
subsequently causes fracturing (i.e., the fracturing stage). The fluid flux may have been 
limited resulting in a short duration of fluid infiltration. After fracturing, the 
permeability increases, and the fluid pressure drops. Fluid infiltration from fluid-
conducting fractures into wall rocks promotes mass transport, and may cause the 
permeability to decrease due to sealing by mineral reactions and deformation (Fig. 30). 
Previous estimates of the permeability in the middle–lower crust fall within the range of 
the host rock and fracture permeabilities (Fig. 31). This indicates that even in deep 






Fig. 31 Permeability evolution in the crust estimated for the wall rocks and fractured 
crust in comparison with values of geological processes. A comparison between the 
estimated permeabilities of the host rock and spatio-averaged “fractured crust” in the 
mafic granulite (pink), opx–hbl schist (green) and opx–hbl gneiss (purple). Curves 
showing permeability variations with depth are from Manning and Ingebritsen (1999), 





5.7 Conclusion  
 In this chapter I described formation mechanism of the hydration reaction zones, 
spatiotemporal evolution of studied areas, and provide overview of fluid fluxes in the 
crust, and finally suggest permeability fluctuation model in the middle-lower crust.  
Obtained timescales (i.e., tens of hours) corresponds to the duration of fluid activity on 
the scale of a grain boundary. Timescales estimated in this study not necessarily the same 
as the timescale of brittle fracturing. Based on the relationships between reaction zone 
formation, Cl transport, and estimated timescales I suggest that reaction zones were 
formed mostly simultaneously with cl-bearing fluid infiltration. 
I introduce permeability fluctuation model in the crust, describing evolution from 
the low-permeable wall rock to the highly permeable fractured crust. Crustal fracturing 
is triggered by the fluid infiltration and fluid pressure rise. Previous permeability data 
describe myr-scale averaged permeability which possibly represent average of 
background permeability associated with episodic pulses of fluid flow. Such pulses may 
occur on typical earthquake recurrence timescales (10–10000 yr). Timescales estimated 
in this work is comparable geophysical data (e.g., Nakajima and Uchida, 2018). I 
estimated numerically permeability fluctuation in the crust and proposed model 
explaining that even middle-lower crust can transport significant amount of fluids when 
associated with crustal hydrofracturing and fluid flow timescales and permeabilities in 











In this thesis, hydration processes in partially hydrated mafic granulite, opx–hbl 
schist, and opx–hbl gneiss from the SRM, East Antarctica were investigated. I focused 
on Cl-bearing fluid infiltration timescales and wall rock and fractures permeabilities 
estimations. Geophysical observations suggest possibility of fluid transport in the 
crustal conditions, however numerical parameters as well as mechanism of hydrological 
properties evolution were unknown. In this thesis I presented unique evidence of rapid 
fluid infiltration in the crust in low-permeability rocks driven by a high fluid-pressure 
gradient and hydraulic fracturing. This mechanism could occur periodically in the crust 
and account for permeability fluctuations over several orders of magnitude during the 
transition from fracturing to sealing. 
In chapter 2, I divided samples into several zones based on microtextural 
observations, hydrous minerals modes variations, and elemental transport. Reaction 
zones in each sample fingerprint fluid infiltration characteristics were analysed. P–T 
conditions of fluid infiltration in the SW terrane, SRM estimated for reaction zone 
formation in the opx–hbl gneiss (0.54 – 0.62 GPa and 720-740 °C) was formed during 
compression stage followed by fluid infiltration in mafic granulite (~0.55 GPa and 
~650°C) correspond to the decompression cooling part of the P–T path, whereas the P–
T conditions for reaction zones in opx–hbl schist (~0.3 GPa and ~450°C) correspond to 
the latest metamorphic stage. This suggests that these fluid infiltration events occurred 
after the collision of the East African–Antarctic Orogen and during uplift of the entire 
collisional zone. 
In the chapter 3, I constrained timescales of fluid infiltration and analysed fluid 
mobile elemental profiles and applied reactive transport model with local equilibrium. 
In the chapter 4, I estimated fluid pressure gradient by thermodynamic modeling 
and calculated wall rock, fractures and spacio-averaged permeabilities of the crust. I 
also calculated time-integrated fluid fluxes through the reaction zones and through the 
fracture. Finally, I proposed fluid infiltration model in the crustal conditions in chapter 
5. Rapid infiltration of Cl-bearing fluids (1–14 h) into low-permeability (10–24 to 10–20 
m2) host rocks occurred through crustal fracturing. Low-permeability media led to the 
accumulation of fluid and promoted fluid-assisted fracturing. Significant amount of 
fluid flowed through the main facture, and infiltrated the host rock via grain boundaries 
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± microfractures, which led to apatite–fluid reactions, as well as hydration reactions. 
The permeability then increased by several orders of magnitude (~10–16 to 10–10 m2) and 
the fluid pressure dropped. The contrast between the host rock and fracture permeability 
provides information about the permeability evolution from the low-permeability matrix 
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